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Page 80 dele line 2, and insert instead: ”of microchemical color tests have been proposed. 
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Page 138, line 2, for ”0.50-ml.” read 0.05--ml. 

Page 205, citation 7, for “the Delicious apple” read apple trees. 

Page 412, line ten, dele reference (Okunuki, 61). 
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DISTRIBUTION OP THE VELOCITIES OF ABSORPTION OF 
WATER IN THE ONION ROOT 

Hilda F. Eosene 
(with five figures) 

Although many investigations have been made there is, up to the present, 
no available study which furnishes reliable quantitative data on the distri- 
bution of the rates of water absorption in any one root. Only recently 
( 1 , 8 ) has there been any attempt to make the investigations strictly quanti- 
tative in character but all studies are open to adverse criticism since none 
were carried out under adequately controlled conditions. It appears that 
the only method at present available which provides for complete control of 
conditions using the intact, uninjured, and unstimulated root is that used 
in the present study. 

Since reviews have been presented by otlier investigators (1, 4, 8, 9) no 
comprehensive survey of the literature will be attempted. It is important, 
Jiow^ever, to call attention to certain inadequacies of the methods employed 
by the more recent investigators. Popesco (4) made determinations of the 
rates of Avater absorption on single roots of a number of different plants, 
but his results were only relatively quantitative. He employed both direct 
and indirect methods which involved: (1) the isolation of given regions of 
a root by covering these with cocoa-butter and then placing the root in a 
U-tube, one arm of which, drawn out to a capillary, was graduated in arbi- 
trary units; (2) the use of dyes and microchemical reagents; and (3) plas- 
molysis. Hoiin (1) made unsuccessful attempts to use a modified form of 
Popesco ’s “cocoa-butter” procedure. He was unable to obtain a perfect 
seal with rings of cocoa-butter and he points out the impossibility of em- 
ploying inelastic material to cover the region of elongation. To cover vari- 
ous regions of the root Hohn substituted oil for cocoa-butter. His experi- 
ments were carefully carried out under known conditions of temperature 
and humidity. The chief criticism of his work is given by Sierp and 

1 
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Brewiq (8f p. 115) who show that Hohn’s conclusions regarding the distri- 
bution of the rates of water absorption in a single root are not valid because 
they are based on comparative measurements of (1) different roots, and 
(2), on the same root, but at different time periods. Furthermore, as will 
be shown later, Hohn’s tabulated results do not warrant the conclusions 
that he gives. 

Urspbung and Blum (9), H5hn (1), and SierP and Bbewig (8) call 
attention to the limitations of all methods involving dyes and microchemi- 
cal reagents, pointing out that it is impossible to determine the rates of 
water absorption when quantitative relations between the spread of the dyes 
and the movement of the water are not known. On this basis the results of 
PoPEsco (4) and Keller (2) employing dyes may be questioned. Ursprung 
and Blum (9) based their conclusions on suction-pressure measurements. 
As pointed out by Sierp and Brewig (8, p. 115) their method is limited 
because such measurements could be evaluated quantitatively only if the 
suction values remained constant when the root absorbed water and it has 
not been established that such a relation exists. 

Sierp and Brewig (8) used a number of micropotometers making simul- 
taneous measurements on the same root. They state that so far as they 
know this was the first time such a procedure had been followed. However, 
the method employed in the present investigation, which also involved 
simultaneous measurements by several micropotometers on the same root, 
was first reported by Rosene and Lund in 1934 (6). The technique fol- 
lowed by Sierp and Brewig has serious limitations. They made measure- 
ments on the roots of plants which were in an inverted position with respe(*t 
to gravity, thus producing conditions of stimulation. In order to insure 
water-tight connections they wound thread impregnated with wool fat 
around the root. They maintain that after the experiment no injury to 
the root was apparent but they do not give the criteria or tests upon which 
their conclusion was based. Wrapping the roots with thread in this manner 
would produce mechanical atiB&tilation and would interfere with respiratory 
activities. The quantitative determinations made by Hohn, and by Sierp 
and Brewig, were expressed in milligrams per linear length, assuming that 
the diameter of the root was uniform throughout its length. It is obvious 
that such a technique furnishes data which is only relatively quantitative. 
Of far greater value are reliable data on the rate of absorption per unit of 
surface area. 

Determination of the distribution of the velocities of absorption of water 
in roots should ther^ore be made on intact, uninjured, unstimulated roots, 
and under conditions which permit careful control of such conditions as 
temperature, light, oxygen, and humidity. It should be possible to make 
simultaneous measurements of water absorption by different regions, and 
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to determine the rates of absorption per unit of surface area. It is believed 
that the present technique fulfills these requirements. 

Apparatus and method 

The experiments were conducted at room temperature (25® C.) in a 
basement room, the temperature of which did not vary more than 2® during 
the longest experiments, which were of several days^ duration. The obser- 
vations were made on the roots of Allium cepa, which for the most part 
were grown either in tap water, or in a saturated atmosphere in vessels 
through which air was continuously passed.^ In certain experiments, ob- 
servations were made on roots which had developed when a given onion was 
growing in the experimental apparatus. Several experimental chambers 
were constructed, making it possible to run controls while varying the con- 
ditions in one or more chambers. 

The details of one experimental chamber are shown in figure 1. The 
removable glass cover (A, fig. 1) rests in a groove (F) in the transite base 
(B) which is attached to a rack and pinion stand providing vertical ad- 
justment for the base and cover. The base has four perforations lined with 
bakelite tubing through which connections pass from the interior to the 
exterior of the chamber. The onion bulb rests upon a cork ring which is 
placed in a hole in a swivel attachment (C). The swivel attachment is sup- 
ported by the glass tube (G), which is cemented to a brass rod (D). The 
brass rod passes through a perforation and is supported on the outside by 
a three-way mechanical micromanipulator. With this arrangement the onion 
bulb may be moved to any desired position by manipulation from the out- 
side. Each micropot ometer (11) consists of a calibrated glass tube made 
from carefully selected millimeter pyrex tubing of uniform bore. One end 
of each tube (a, b, c, d, fig. 1) was ground down on two opposite sides of the 
bore and a hole was bored through to permit passage of the root. One or 
more micropotometers were cemented with DeKhotinsky to a glass rod (E) 
which was supported by a three-way mechanical manipulator which pro- 
vided delicate adjustments and accurate placing of the micropotometers 
around the root. The potometers varied in length from 25 to 40 millimeters 
but were the same for any one experiment. Glass tubes (I and 0), which 
pass through rubber stoppers fitted into perforations of the base, provide 
for inlet and outlet of glass. Moisture and airtight seals at the perfora- 
tions through which the rods (D and E) passed were made with finger 
stalls designated as M in figure 1. These were filled with water. By pack- 
ing plasticene around the base of the chamber where it fits into the groove, 
the interior could be completely sealed off from the exterior. 

1 The experiments reported in this paper were carried out in the fall of 1934 on onion 
sets grown the preceding spring. Observations on onion sets procured this spring (1935) 
show slightly higher rates of water absorption. 
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SSaSSxtxts 

**'*M^rf^e'^periments were made on a single intact root rfter the 
sister roots had been cut off. Bemoving the onion from the vessel “ 
it grew, cutting the sister roots, and placing it m the experimental chamber, 
required such a short period of exposure that lie root had no tune to dry 
out in any region. This was determined by microscopic examination in a 
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series of experiments to determine whether or not drying appeared. The 
root (R, fig. 1), was threaded through the openings (a, b, c, d) of the micro* 
potometers by adjustments made with the micromanipulators on the out- 
side, lowering the brass rod (D) and passing the root down through the 
openings; or by raising the glass rod (B) and passing the micropotometer 
tubes up over the root to the desired positions. All adjustments of the 
mechanical micromanipulators and all measurements were made with the 
aid of a horizontal microscope which was fitted with a micrometer ocular. 
By this means very delicate adjustments of the positions of the micro- 
potometers could be made without mechanical injury. By raising the bulb 
support (D), or lowering the micropotometer support (E), at frequent in- 
tervals throughout an experiment it was possible to maintain the positions 
of the micropotometers at a given distance from the root tip as elongation 
took place. The quantity of water absorbed was determined by making 
consecutive minute measurements of the movement of the terminal meniscus 
in each tube. The height of the water column at each region was deter- 
mined by measuring the distance between the upper and lower menisci 
around the root where it passed through the micropotometer. There was no 
flow of water down the root and after a period of an hour or more, depend- 
ing upon the height of the water column at the beginning, the distance 
between the lower and upper menisci at each micropotometer contact reached 
a steady value which was maintained relatively constant. At the apex, 
where increase in diameter took place, there was a slight shift in the height 
of the water column. Determinations of the average diameter and height 
of the water column at each contact were made at frequent intervals, de- 
pending upon the nature of the experiment. No measurements were made 
during the first 5 to 10 hours after the onion had been placed in the cham- 
ber, in order to permit it to come into flux equilibrium with the conditions 
of the environment. Favorable conditions for growth were present in the 
experimental chamber, for the roots and leaves of the onions grew in a nor- 
mal manner. New roots appeared and developed and these were sometimes 
used for observation. No root hairs were observed on any of the roots, 
whether grown in moist air, or in tap water. 

Measurements were made in millimeters to the second decimal place. 
Although great precautions were taken when readings were made, and al- 
though the menisci at each contact appeared clear-cut and remained fairly 
steady after flux equilibrium conditions were reached, it might be that the 
absolute height of the water column was not observed. Variations of the 
diameters at the upper and lower menisci at a single contact did not exceed 
0.02 millimeter. In all of the experiments during which the micropotome- 
ters were kept at relatively constant positions with respect to the root tip 
by lowering them at frequent intervals, the absolute distance from the apex 
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varied from one reading to the next. When adjustments were made at 
intervals of fifteen minutes the variation did not exceed 0.11 mm., except 
in a very rapidly growing root, where it reached 0.2 mm. When the inter- 
val of adjustment was longer, the variation was, of course, greater. 

Investigation 

A. Absorption op water by apical regions 

1. Bates op absorption in relatively young roots 25 to 35 mm. in length 
The quantity of tap water absorbed from 6 : 30 a.m. one day to 2 : 30 a.m. 
the day following, by four apical regions of the root exhibiting considerable 
diversity of morphological character, is shown in figure 2. The bulb with 



mni. Curves a, ft, c, and d show mg. of water absorbed iier 111111.2 of absorbing surface at 
the micropotometer contacts o', d' shown in the root diagram. Initial diameters 

at a', h', c' and d' are 0.710, (j,735, 0.740, and 0.752 mm. n^pectivoly. (’ur\e E shows 
elongation in mm. 

three leaves 4 to 6 cm. in length and a single remaining root had been 
placed in the chamber with the micropotometers in position the night before 
the determinations were made. At 6 : 30 a.m., by means of the mechanical 
micromanipulators on the outside, the micropotometers were lowered until 
the position of each was respectively 0.4, 6.0, 10.0, and 15.0 mm. from the 
apical point of the root. Every half hour or less, the micropotometers were 
lowered with respect to the growing root in order to maintain them in the 
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same relative positions. Measurements of the root diameters at each menis- 
cus of the water columns, the height of the water column at each region, the 
movement of the terminal meniscus in the micropotometer, and elongation 
were recorded every four hours. The height of each water column with the 
maximum variations between readings, the distance between the lower me- 
niscus at each micropotometer and the apex, and the average diameter of 
each contact are given in figure 2. Elongation is shown by curve E. The 
rate of elongation is fairly uniform, tending to increase during the night, 
especially after midnight. Curves a, h, c, and d (fig. 2), show the milli- 
grams of water absorbed, calculated in terms of unit surface exposed to the 
water of each micropotometer. 

Curve a represents the quantity of water absorbed by the surface in a 
region where active cell division is taking place, and tissue differentiation 
is at a minimum ; curve b shows the milligrams of water absorbed by the 
surface in the fifth and sixth millimeters which is the zone just proximal to 
the region of elongation, and curves c and d give the quantity of water ab- 
sorbed hy regions relatively older where tissue differentiation has taken 
place and vacuolization tends to reach a maximum. 

The curses clearly show that water was absorbed by the surface in all 
four of the regions mentioned above, and that the rates of absorption in the 
regions were very different. Greater quantities of water were absorbed by 
the relatively more basal regions. A comparison of the slopes of all of the 
(uirves shows that there was an increase in the rate of absorption in each 
region with time, the most T*apid rates appearing toward the end of the 
experiment. In this experiment, which is typical, the greatest increase in 
the velocity of absorption of any one zone occurred in the region which is in 
the 15th and 16th millimeter from the apical point of the root. 

When all of the roots are left intact, the quantity of water absorbed by 
any region of one of tlie roots is less than if all of the roots but one are cut 
off. This fact is shown by the curves in figure 3, which give typical results 
obtained when measurements were made on a given root with (1) all of the 
sister roots intact and (2) all of the sister roots removed. In this case, the 
observations were made on a bulb w^hich had three leaves 3 to 5 cm. in 
length, and fourteen roots 10 to 30 mm. long. Three micropotometers were 
placed on a root wdiich was 27.3 mm. in length in the positions designated 
as y\ <' in diagram N (fig. 3), These positions corresponded to the 
regions (1) where active cell division w^as taking place; (2) where elonga- 
tion w'as at a maximum; and (3) the zone proximal to the region of elon- 
gation. No observations were made until 8 hours after the bulb had been 
placed in the chamber. From then on, measurements were made every four 
hours, and adjustment for elongation was made at half-hour intervals ex- 
cept during the night. The two morning readings, therefore, showed 
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Fig. 3. Absorption of water by 3 apical regions of a single root when (a) all the 
roots were intact and (b) the sister roots were removed. Curves x, y and z show the mg. 
of water absorbed at the contacts of the micropotometers a?', y' and z' illustrated in dia- 
gram N. Diameters at contacts of the micropotometers x', 3 /', z* were 0.77, 0.787 and 
0.80 mm. respectively. Curve M shows elongation. The arrow on the base line indicates 
time at which the sister roots were removed. 

higher values since these represented the absorption of water during an 
interval when the positions of the micropotometers relative to the base 
varied from 2 to 2.5 mm. After 24 hours, as designated by the arrow on 
the base line in figure 3, all of the roots but the one which was in contact 
with the water in the micropotometers, were quickly cut off with sharp 
scissors without changing the positions or the terminal menisci of the micro- 
potometers in any way. The heights of the water columns are tabulated in 
figure 3. Maximum variation during any one interval was 0.07 mm. which 
occurred at the apical micropotometer the second night. The limits of vari- 
ation in the positions of the micropotometers relative to the apex of the 
root, and the average diameter at each contact, are also tabulated in figure 3. 
As shown by curves oj, 2 /, and z (fig. 3) tap water was absorbed by the sur- 
faces in all three of the riegions mentioned above. Pronounced change in 
the slopes of the latter half of each curve demonstrates that after the sister 
roots had been removed, greater quantities of water were absorbed by all of 
the surfaces exposed to tap water in the micropotometers. Ten other ex- 
periments Qunilar to the above, with the micropotometers in various posi- 
tions, showed essentially the same results. In each case, the rate of absorp- 
tion in the single intact root was greater after removal of the sister roots, 
and the greatest quantity of water was absorbed by the region nearest the 
base. In all of the experiments in which measurements of the absorption 
of water were made on a single intact roof with the sister roots removed. 
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the observed rates of absorption were relatively higher than when the sister 
roots were present, but the distribution of the velocities of absorption re- 
mained the same. Changes in the distribution of the rates of absorption 
occurred but these were related to other phenomena,* not to the presence or 
absence of sister roots. 

By using a greater number of micropotometers, by placing them close 
together, and by changing the positions in different experiments, it was 
found that all regions of the root between the root cap and 16 mm. from the 
apex absorbed water. The highest rates observed were exhibited by the 
region 14 to 16 mm. from the apex. All of the roots exhibited a distinct 
unidirectional gradient of increase in the rates of water absorption by unit 
surface areas from the apex towards the base. However, individual roots 
show considerable diversity in water-absorbing power. The results of 
measurements made on 10 roots with initial lengths of 25 to 32 millimeters, 
continuing throughout a fourteen-hour observation period, and using four 
micropotometers are given in figure 4, A. 

Frequent adjustments (15 to 30 minute intervals) of the micropotome- 
ters were made in order to maintain them in the positions designated by 
the stippled areas (a, h, c,d) in the diagram of the root illustrated in figure 
4. The greatest variation in any one experiment from the regions desig- 
nated was 0.5 mm. in a rapidly growing root. Measurements were made 
every two hours, and calculations were made of the average rate of absorp- 
tion in milligrams of water per hour per square millimeter of surface ex- 
posed to the water in the micropotometers. The highest and lowest rates 
given in graphic form in figure 4 A, are the rates of absorption in four 
regions of two different roots and are the result of averaging seven deter- 
minations throughout the fourteen-hour period. On the other hand, the 
graphic representation of the average rates in figure 4 A, are the average 
rates of all measurements made on the designated regions in 10 different 
roots. 

Several interesting facts are apparent when a comparison is made of the 
heights of the bars in figure 4 A. In the first place, the comparison shows 
that there is a wide variation between the highest and lowest rates observed 
in any one region ; in the second place, it shows that in spite of the large dif- 
ference between these two roots which exhibit the highest and lowest rates, 
each individual root manifests a distinct functional polarity with respect 
to the distribution of the rates of absorption in these regions; and in the 
third place, the polar distribution of the rates of water absorption is also 
shown by comparing the average rates of all of the regions in all of the roots. 

A comparison of the percentage differences in the average rates of ab- 
sorption of the four regions in all of the roots shows that the region be- 
tween 14 and 16 millimeters from the apex absorbed water at a rate which 
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was 26.4 per cent, greater than the region between 8 and 10 millimeters, 
54.9 per cent, greater than the region between 4 and 6 millimeters, and 
150 per cent, greater than the region 0.5 to 2.5 millimeters from the apex. 
The region between 8 and 10 millimeters absorbed water at a rate which 
was 22.5 per cent, greater than the rate in the region between 4 and 6 milli- 
meters, and 17.7 per cent, greater than the region at the extreme apex; and 
the zone between 4 and 5 millimeters absorbed water at a rate 61.3 per cent, 
greater than the most apical region designated as a in the diagram of the 
root in figure 4 A. These four regions were selected for special study be- 
cause they are the regions which determine the characteristic distribution of 
bioelectric potential in the onion root. 

2. Effect of age on the rates of absorption in apical regions 

In order to determine the effect of age, measurements of the rate of 
absorption were made throughout a growth period when the roots elongated 
from an initial length of 20 mm. to 90 mm. or more. The micropotometers 
were maintained in tlie relative positions designated as a, h, c, and d in the 
diagram of the root (fig. 4 A) by moving them at intervals of an hour during 
the day and 6 hours at night. The values obtained at the first morning 
determinations were therefore a little high. The greatest shift in the posi- 
tion of the micropotometers in a single root was 4 millimeters, the average 
for all roots, 2.4 millimeters. The micropotometers had to be refilled during 
the course of the experiments but this was done very quickly with a pipette 
and no apparent drying of the root occurred.^ Measurements were made 
every 4 to 6 hours. In order to compare the change in the rate of absorption 
of each region with age, tlie average rates of each region in each root during 
a growth interval in which the root increased in length from 9 to 9.9 mm. 
(to be designated as a 10-mm. growth period) were determined. Measure- 
rs Recent modifications of the apparatus permit refilling of the micropotometers, and 
removing any collected fog on the glass nail facing the microscope, without changing the 
humidity of the interior of the chamber. 


Fig. 4. Comparative rates of absoriition in different roots. A. Bates of water ab- 
sorbed by 4 apical regions of 10 different roots during a 14-hour observation period. 
Initial lengths of roots were 25 to 32 inra. The positions of the micropotometers are 
judicated by the stippled areas a, &, r, and <1, in the diagram of the root while .the vertical 
bars above represent rates of absorption in the corresponding region. Bars nith vertical 
lines give rates of absorption in the root which manifested the lowest rate, bars nith 
crossed lines give rates of absorption in the root which manifested the highest rate (each 
bar is average of 7 observations). Solid black bars give average rates in the designated 
regions during the 14-hour period for all roots. B. Hiange in rate of water absorption 
with age. Vertical bars represent the rates of absorption during 5 growth intervals by 
each region corresponding to a, h, c, and d in the diagram of the root. Bars with vertical 
lines and crossed lines give lowest and highest rates respectively, solid black bars give 
average rates of 11 different roots. Growth intervals are designated in mm. below the 
vertical bars. 
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ments were made on many roots. The exact time at which the 9 to 9.9 mm. 
increase in length was reached was not' observed in all cases, since on cer- 
tain nights the time interval from one reading to the next was 6 hours. Only 
the results obtained from eleven roots, in which the transitional changes 
from one growth interval to the next were observed, are included in the 
graphic representation in figure 4 B. Tables of detailed measurements are 
omitted in order to save space. 

The highest and lowest average rates observed in individual roots during 
the 10-millimeter growth period are represented graphically in figure 4 B 
by the vertical bars with the crossed lines, and with the vertical lines, respec- 
tively. A comparison of the heights of the bars with vertical lines shows 
that in the corresponding root the increase in rate of absorption of each 
region for each 10-mm. growth period was not uniform. Regions a and b 
in this instance reached a maximum rate during the 50 to 59.9-mm. growth 
period, region c in the 40 to 49.9-mm. growth interval, and region d in the 
50 to 59.9-mm. interval. A comparison of the heights of the crossed bars 
show that in another individual root region d, which was 14 to 16 mm. from 
the apex, reached a maximum earliest (40 to 49.9-mm. interval), and regions 
c, b, and a followed in the next interval (50 to 59.9-mm.). The results 
obtained from measurements on these two roots demonstrate that individual 
variations exist and that a given region does not necessarily exhibit a maxi- 
mum rate of absorption when another region (or regions) of the same root 
reaches a maximum rate. However, characteristic changes are the rule. The 
majority of roots tend to manifest maximum absorption rates when they 
reach lengths between 40 and 60 mm. as shown by a comparison of the 
heights of the solid black bars in figure 3 B. These represent the average 
rates of absorption in the designated regions for all of the roots during five 
growth intervals. Since during the night there was a relatively greater 
increase in the distance of each water column from the apex, this would tend 
to make the average rates of absorption somewhat higher at each region 
than if the positions of the micropotometers relative to the apical point 
did not change. Exceptions were found, especially in relatively short roots 
(less than 40 mm.) which developed late and grew slowly, and in relatively 
long roots (over 60 ram.) which developed early and grew rapidly. Calcu- 
lations of the percentage difPerence in the average rates of absorption in 
each region for all the growth periods are tabulated below. 


1. Region d which was 14 to 16 
Growth intervals in mm. 
20 to 29.9 and 30 to 39.9 
30 to 39.9 and 40 to 49.9 
40 to 49.9 and 50 to 59.9 
50 to 59.9 and 60 to 69.9 


millimeters from the apex. 

Percentage differences 
36.0 per cent, increase 
6.4 per cent, increase 
3.0 per cent, increase 
16.2 per cent, decrease 



BOSENE: ABSORPTION OF WATER IN ONION BOOT 


13 


2. Region c which was 8 to 10 millimeters from the apex. 


Growth int^als in mm. 
20 to 29.9 Md 30 to 39.9 
30 to 39.9 and 40 to 49.9 
40 to 49.9 an4 50 to 59.9 
50 to 59.9 and 60 to 69.9 


Percentage differences 

24.1 per cent, increase 

11.2 per cent, increase 
2.75 per cent, increase 

15.4 per cent, decrease 


3. Eegion 6 which was 4 to 6 millimeters from the apex. 


Growth intervals in mm. 


Percentage differences 


20 to 29.9 and 30 to 39.9 
30 to 39.9 and 40 to 49.9 
40 to 49.9 and 50 to 59.9 
50 to 59.9 and 60 to 69.9 


30.7 per cent, increase 

11.7 per cent, increase 

4.2 per cent, increase 

13.7 per cent, decrease 


4. Region a which was 0.5 to 2.5 millimeters from the apex. 


Growth intervals in mm. 
20 to 29.9 and 30 to 39.9 
30 to 39.9 and 40 to 49.9 
40 to 49.9 and 50 to 59.9 
50 to 59.9 and 60 to 69.9 


Percentage differences 

53.8 per cent, increase 
25.0 per cent, increase 
18.4 per cent, increase 

23.2 per cent decrease 


B. Absorption of water by relatively more basal regions 

By placing a large number of mieropotometers on a given root, and by 
shifting the positions of the mieropotometers when desired, determinations 
of the rates of absorption in all the root regions between the root cap and 
the bulb were made. It was found that all the root regions from the root 
cap to the base absorbed water, but at different rates, and that the distribu- 
tion of the rates of absorption was not the same for all roots. The determina- 
tions demonstrated that in roots less than 50 mm. in length, there was in 
general an increase in the rate of absorption per unit surface from apex to 
base, and the highest rates occurred in the regions nearest the bulb; 
whereas in roots over 70 mm. in length, the regions of maximum absorption 
were relatively more apical. In the majority of roots over 80 mm. in length, 
maximum rates were observed in regions within the first 40 mm. from the 
apex. Although experiments have been made on many roots of different 
lengths and age, it was found that all of the root regions between the root 
cap and the base absorbed water. The longest root studied was 220 mm. 
in length. Most roots tend to develop lateral roots at the age of 2 to 3 
weeks. It was observed that there was a definite shift of the region of 
maximum absorption rate towards the apex, with the development of lateral 
roots. It is entirely possible and highly probable that the regions of the 



PLANT PHTSTOLOGT 



Fig. 6. A. Rates of water absorption in 10 selected regions of 10 different roots 
during a 12-bour observatton period. Curves 1 to 10 represent the average rates of water 
absorption by 10 different regions in ten different roots corresponding to the numbers on 
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root not exposed to the water of the micropotometers also absorbed water 
since they were in a saturated atmosphere. 

Figure 6 A shows the rates of water absorption in selected regions of 
ten roots, the initial lengths of which varied from 54 to 95 mm. The posi- 
tions of the micropotometers were maintained relatively constant with 
respect to the apex of each root by moving them at intervals of one-half 
hour or less. Measurements were made every two hours during a 12-hour 
period, and the average rate of absorption for each 12-hour period was 
calculated and plotted on a graph as shown in figure 5 A. The initial and 
final lengths of each root are given in figure 5 A, after the first column of 
numbers, which correspond to those of the curves of distribution. The 
stippled areas in the diagram of the root below the curves represent the 
positions of the micropotometers which were placed 10 mm. apart. A com- 
parison of all of the curves shows that the highest rates of absorption are 
exhibited by relatively more basal regions, and that the region where 
maximum rates occur varies in individual roots, but is closely linked with 
the lengths of the root. The initial lengths of the 4 roots which exhibited 
the rates given by curves 1, 2, 3, and 4 (fig. 5), were less than 60 millimeters. 
A comparison of the slopes of these curves demonstrates considerable indi- 
vidual differences in the rates of absorption of different roots, but all mani- 
fest an increase in the rate per unit surface from apex to base. Note that 
in curve 5 (fig. 4 A) there are variations in the distribution of the rates 
of water absorption, although the highest rates relative to the apex are ob- 
served in the basal regions. As shown by curves 1, 2, 3 and 4, maximum 
rates of absorption are found at or very near the base in roots of this length. 
These roots were 10 to 15 days old. Curves 5, 6, 7 (fig. 5 A), which repre- 
sent measurements on roots 63 to 75 mm. in length, show that comparatively 
rapid rates of absorption are exhibited in all regions and that the maximum 
rate appears in regions nearer the apex. The experiments show that, with 
increasing age, the regions of maximum absorption shift toward the apex. 
This fact is further emphasized by comparing curves 1 to 8 with curves 8, 
9, and 10, obtained from experiments on roots over 80 mm. long. 

The above results and those depicted in figure 4 B indicate that each root 
region exhibits an increase in the rate of absorption, which goes through a 
maximum with age. Experiments to prove this were made, and the results 
are given by curves n, and o (fig. 5 B). Each curve represents the 

the right of the figure. The corresponding initial (first column) and final lengths (second 
column) of each root are given after the root numbers. Stippled areas of the root in the 
diagram below the curves show the ])osition8 of the micropotometers. B. Change in 
quantity of absorbed by a given region with age. Curves m, n, and o obtained from 
3 different roots show the mg. of water absorbed by a single region during an observation 
period when the distance between the fixed micropotometer and the apex increased with 
growth. 
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rates of absorption in one region of a single root. The initial lengths of 
the roots which correspond to curves m, n, and o, were respectively 20.3, 
27.0, and 32.6 millimeters. In each experiment, after the onion bulb had 
been in the chamber 8 hours, the position of the single micropotometer used 
was adjusted so that the lower meniscus was within 0.5 mm. of the root tip. 
Measurements were made at 10-hour intervals. Since the position of the 
micropotometer on each root was not changed, the distance between it and 
the growing root tip increased with increase in root length as the root grew, 
but remained the same distance relative to the base of the root, after fifteen 
hours or less, depending upon the rate of elongation. The slopes of the 
curves m, n, and o, all show a typical sigmoid curve. It is obvious that at 
each region there was an increase in the rate of absorption with age, and 
that each region passed through a maximum when it was from 40 to 60 mm. 
from the apex. These experiments corroborate the conclusions given above 
that the distribution of the velocities of absorption depends upon the age 
of the root. 

Discussion 

The experimental evidence which has been presented heretofore regard- 
ing the absorption of water by the apical meristem is not in agreement. 
Priestley and Tupper-Carey (5) showed that the apex was relatively im- 
permeable, Hohn (1) that comparatively little absorption occurred, while 
Sierp and Brewio (8) maintained that the first 5 mm. of the apex not only 
showed an absence of absorption, but that it actually gave off water. A 
large number of investigators, including Popesco ( 4 ), Ursprung and Blum 
(9), Keller (2), and Hohn (1), claim that the chief absorbing zone is 
the region just proximal to the zone of elongation. Keller (2) maintains 
that the distribution of the rates of water absorption in the root corresponds 
to the distribution of bioelectric potentials. Most of the work on absorption 
rates has been carried out on roots other than those of the onion. Just 
as individual roots exhibit variations in the velocities of absorption and 
their distribution, it is to be expected that differences will be found in the 
roots of different plant species. However, such differences would not 
account for the pronounced lack of agreement found among the investi- 
gators mentioned above. 

It is doubtful if much value can be placed on the recent experiments 
carried out by Sierp and Brewig (8) since the roots were stimulated by 
inverting the normal orientation with respect to gravity and by wrapping 
the roots at intervals with cotton thread. It does not seem likely that the 
apical meristem gave off ( excreted t) water unless disintegration of the tip 
occurred. The authors state (8, p. 107) that the increase in the micro- 
potometer volume was at least 149 mm.* whereas the increase in the volume 
of the root apeat resulted in a maximum of 3 mm.* but they do not state how 
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they determined the increase in root volume. Measurements have been 
made by the author on the roots of onions maintained in the inverted posi- 
tion but no such unique phenomenon has been observed. On the contrary, 
the regions between the root cap and base all absorbed water and the polar 
distribution of the rates of absorption was maintained. However, in these 
experiments, transpiration was at a minimum. Siebp and Brewig on the 
other hand, enclosed the inverted stems of their plants in a chamber and 
varied the humidity. 

SiERP and Brewig also state that, with increase in transpiration rates, 
there is a migration of the region of maximum absorption toward the apex. 
They do not, however, show whether this shift is dependent on age, as it is 
in the onion root. Owing to the fact that the onion bulb provides a reservoir 
of water, the onion does not furnish good material to determine the relations 
between water absorption and transpiration. Nevertheless the writer found 
that in the onion root there was an increase in absorption at all of the root 
regions under certain conditions when transpiration was increased ; but the 
polar distribution of the rates of water absorption was always maintained. 

Hohn (1) claims that the entire root surface of the roots he studied 
{Zea mays, Triticum vulgar e, Tradescantia fluminensis) absorbed water. 
As mentioned above, he failed to make simultaneous measurements of water 
absorption in a single root, and his tabulated data do not support the con- 
clusions he has made. Hohn maintains that the hourly water absorption 
of an old root, calculated on the basis of unit length, is greater than that 
of a younger root in most of his experiments ; but his tables do not warrant 
such an interpretation. Table 8 (1, p. 550) shows, for example, that a root 
65 mm. in length absorbed 0.43 mg. of water per hour per mm. length of the 
root, whereas a root less than half this length (26 mm.) absorbed 0.89 mg. 
of water per hour per unit root length. It may be that the shorter root had 
grown slowly and was actually the older root, but Hohn presents no evi- 
dence in favor of this suggestion. Table 9 (1, p. 551) shows that a root 58 
mm. in length absorbed 0.62 mg. of water per unit length in unit time, while 
another root 25 mm. in length absorbed 1.16 mg. of water. The longer root, 
which was over twice the length of the shorter, absorbed water at half the 
rate. Hohn^s tables merely establish the fact that individual differences 
exist with respect to the rates at which different roots absorb water. Al- 
though Hohn states that he used ‘‘similar” roots, his data furnish no evi- 
dence in support of his statements, since no measurements of root diameter 
were made. 

Keller (2) used dyes to determine the rates of water absorption in the 
root, and reached conclusions similar to those of Popesoo ( 4 ). In favor 
of his hypothesis that electro-osmotic forces are involved in water absorp- 
tion and transport, Keller calls attention to the correspondence of their 
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results — ^whicb maintain that the main absorbing region of the root is the 
region of elongation — ^with those of Lund (3) on bioelectric potentials in 
the onion root, which show that the region of elongation is electronegative 
to other regions of the root. 

The results presented in this paper of direct quantitative determination 
of the rates of water absorption in the onion root itself show that there is 
no correspondence between the unidirectional gradient of distribution of 
the velocities of water absorption in roots less than 50 millimeters in length, 
and the distribution of electric potentials in roots of similar length as shown 
by Lund and co-workers (3, 7). The region of relatively low electronega- 
tivity from 4.5 mm. to between 7.5 to 14 mm. is not the region which ex- 
hibits either a maximum or minimum rate of absorption except in very 
old roots (over 3 weeks) and then rarely. The fact that the gradient of 
the distribution of electric potentials in the onion root does not correspond 
to the gradient of the distribution of velocities of water absorption does 
not necessarily indicate that electric energy is not utilized in the processes 
of absorption and transport. Experiments to determine possible linkage 
between the production of electric energy and the absorption of water in 
the onion root are being carried out at the present time. 

The most striking facts brought out in this paper are that in the onion 
root, all root regions between the root cap and the base absorb water at 
different rates, that the rates of absorption per unit area change with time, 
going through a maximum. The precise measurements show definitely that 
the distance from the apex to the exact region which exhibits the highest 
rate of absorption differs in individual roots and changes with age. 

The present paper makes no attempt to consider the mechanism or 
mechanisms involved in the absorption of water; but it furnishes for the 
first time precise quantitative data concerning the distribution of the 
velocities of water absorption in a single intact root under carefully con- 
trolled conditions. 


Summary 

1. A technique is described by means of which precise quantitative data 
on the velocities of absorption of tap water by different root regions of the 
same intact root may be simultaneously determined under carefully con- 
trolled conditions. 

2. All root regions of the onion root between the root cap (on which 
no measurements were made) and the bulb absorb tap water but at 
unequal rates. 

3. In relatively young roots (less than 50 mm.) there is a unidirectional 
gradient of the distribution of velocities of water absorption, the region of 
maximum abi^orption appearing at the base. 
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4. In relatively older roots (more than 70 mm.) there exist two 
pronounced unidirectional gradients with maximum absorption velocities 
appearing in regions 40 to 60 mm. from the apex. 

5. The velocities of absorption of water are less in all root regions 
between the root cap and base in any one root when all of the sister roots 
are present. Removal of sister roots increases the rates of absorption in 
all root regions of the remaining root. 

6. Each root region goes through a maximum with respect to age, 
exhibiting highest velocity rates when the root is from 40 to 60 mm. in 
length. 

7. With increase in age there is a shift of the region exhibiting maximum 
rates toward the apex. 

The University op Texas 
Austin, Texas 
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BELATION OF NUTRIENT SALT CONCENTRATION TO GROWTH 
OP THE TOMATO AND TO THE INCIDENCE OF BLOSSOM- 
END ROT OP THE PRUIT^ 

W. Ebi Bobbins 
(with eight figures) 

Introduction 

The control of the nutrient salt concentration of the solution bathing 
plant roots is a factor of importance in plant growth whether in artificial 
culture or in soil. When essential salts are present in very low concentra- 
tions, growth may be limited by a deficiency of one or more of the elements 
necessary in plant metabolism. When salt concentrations are hi^h, growth 
is dependent upon factors other than mere quantitative nutrient supply. 
One of these factors is the osmotic concentration of the solution which, in 
turn, affects the water relations within the plant. 

In the tomato plant, a serious disturbance of the normally existing water 
relations has been assigned as the cause of the physiological disease of the 
fruit known as blossom-end rot. This disease consists of the development 
at the stylar end of the fruit of a spot having a slight, watery discoloration 
of the tissue which increases in size and gradually turns from brown to black. 
It is accompanied by a shrinkage of the affected part of the fruit. The symp- 
toms of this disease are known, its occurrence has been frequently described, 
and the serious loss which it causes in some seasons is well recognized (1, 3, 
16,28,29, 36). 

Although the development of blossom-end rot is evidently concerned with 
the adequacy of the water supply of the affected tissues of the fruit, yet many 
other factors than the concentration of the nutrient solution have been in- 
directly associated with the incidence of this fruit disorder in the garden, 
field, and greenhouse. Low soil moisture has been the factor most often 
associated with the development of blossom-end rot of the tomato (3, 29, 36). 
Various other cultural or environmental factors have likewise been asso- 
ciated with the incidence of this disease as : over-watering the soil (16), and 
the attendant lack of gaseous exchange in the soil following heavy watering 
(28) ; the staking of tomato plants (29, 30) ; the use of unbalanced ferti- 
lizers high in potassium and ammonium salts (1, 36) ; and the transfer of 
tomato plants from a shaded to a non-shaded greenhouse (3). Vigorously 
vegetative plants have been found to be more generally affected with blossom- 
end rot than plants grown less vigorously (3, 16). On the other hand, 

1 Journal Series paper of the New Jersey Agricultural Experiment Station, Depart- 
ment of Plant Physiology. 
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shading the plants (36), and the use of nitrate rather than ammonium 
nitrogen salts as constituents of the fertilizer have been thought to reduce the 
incidence of blossom-end rot (3, 29, 85). 

The idea has been suggested (36), that this malady is related to trans- 
piration and that there seems to be competition between the fruits and the 
leaves for water, and that when wilting of the leaves begins, water may 
then be drawn from the fruits. In fact, Wilson and Runnels (36, 37) have 
shown that the well known increase in the rate of transpiration accompany- 
ing the application of a Bordeaux mixture spray was associated with an in- 
creased percentage of fruits showing blossom-end rot compared with that of 
unsprayed plants. On the other hand, they found that a heavy oil spray 
reduced both the transpiration and the percentage of fruits showing 
blossom-end rot as compared with that on unsprayed plants. However, 
there seems to be no general appreciation of the relation between the con- 
centration of the solution surrounding the roots and the incidence of blossom- 
end rot of the tomato fruits. 

The object of this paper, therefore, is to study the relation of the salt 
concentration of the nutrient solution to the growth of the tomato plant 
and to the incidence of blossom-end rot of the fruit, and to show how various 
other factors of nutrition and environment may be important in modifying 
these relations. 


Materials and methods 

The general plan of the experiment consisted of growing tomato plants 
in sand culture with complete nutrient solutions of different total salt con- 
centrations; recording the resulting growth responses and making such 
determinations which seemed significant with respect to the relation between 
the concentration of the nutrient solution and the growth of the plant and 
to the development of blossom-end rot of the fruit. 

Seeds of the progeny of a single Marglobe tomato plant were germinated 
in sand beginning July 3, 1934. The Marglobe variety was used, not only 
because of its great commercial importance but also because this variety is 
known to be relatively less susceptible to the development of blossom-end rot 
than many other varieties, particularly Stone, Dwarf Stone, and Baltimore 
(29, 35). It was thought, therefore, that any effect of the concentration 
of the solution upon the incidence of blossom-end rot in this variety would 
probably be more marked with many other varieties. Forty-eight carefully 
selected seedlings were transplanted on July 24 into thoroughly washed 
quartz sand in 2-gallon glazed crocks commercially known as coffee urn 
linings, one plant per crock. Two somewhat different grades of sand were 
used for comparison. One grade of sand was of medium fineness, from 
which all particles larger than 14-mesh and most all particles smaller than 
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TABLE I 

Mk< iianical analysis of two grades or sand used, giving percentage op different 

SIZED particles 


Particle size 

Sand no. 1 

Sand no, 2 



% 

Larger than 2 mm. 

1 0.0 

2.3 

2 mm. to 1 mm. j 

35.0 

41.7 

1 mm. to 0.5 mm. 

63.7 

53.3 

Smaller than 0 5 mm. 

1.3 

2.7 


40-i)iesh to the inch had been removed by screening; the other was a slightly 
coarser sand used without screening. The distribution of the various sized 
particles in each grade used is given in table I. All plants were initially 
supplied with the same complete nutrient solution of approximately one- 
quarter atmosphere osmotic value until August 14, when the plants had be- 
come well established. They then averaged 20 cm. in height, with a stem 
diameter of 5-6 mm., and had an average of 5 to 6 leaves each. At this 
time, six different nutrient treatments comprising six series with eight plants 
in each series were initiated, using complete nutrient solutions of five dif- 
ferent salt concentrations. The cultures were replicated and so situated in 
the greenhouse as to eliminate, as far as possible between series, the effects 
of differences in the environmental factors of light, humidity, temperature, 
and air movement on the growth of the plants. These series will be desig- 
nated A to F inclusive. All cultures in series A and B received the same 
solution of lowest concentration, namely, 0.08 atmosphere osmotic value, but 
at different rates of supply. Cultures in series C to F inclusive, received 
solutions of 0.44, 0.83, 1.7, and 3.1 atmospheres osmotic value, respectively. 
The rate of nutrient solution supply was approximately one liter per plant 
per day in all series except series A, which was four liters daily. This higher 
rate was employed to reduce to a minimum any nutrient deficiency which 
with the solution of this low salt concentration might limit growth if sup- 
plied at the lower rate as in series B. Table II gives the partial volume 
molecular concentrations and the parts per million of the salts, together with 
the osmotic and pll values of the solutions used in each series. The nutrient 
solutions were applied to the sand in each culture continuously by the method 
of ShiVe and Stahl (23). The relative proportion of the salts, which was 
the same in all the solutions except the lowest in concentration, had pre- 
viously been found satisfactory for the growth of the tomato plant ( 4 ) . Both 
nitrate and ammonium nitrogen were used in these solutions in order to 
reduce to a minimum the change in pH value of the solution which takes 
place during growth due to differential ion absorption. 
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TABLE II 

Nuteient solutions used in series a to F 


Nutrient solution 

Nutrient salts 

Series 

1 Osmotic 

VALUE 

Total 

KH2PO4 

Ca(NO,), 

MaSO^ 

(NH0.80. 


atm. 

p.p.m. 

1 Partial volume molecular concentrations 

A & B 

0.08 

190 

0.00026 

0.00037 

0.00050 

0.00018 

C 

0.44 

997 

0.00106 

0.00146 

0.00356 

0.00140 

D 

0.83 

1,992 

0.00211 

0.00292 

0.00711 

0.00280 

£ 

1.70 

4,978 

0.00528 

1 0.00730 

0.01775 

0.00700 

F 

3.10 

10,055 

0.01055 

0.01460 

0.03550 

0.01400 


Each culture of a series was flushed daily with the solution used*in that 
particular series to prevent salt accumulation. Daily records were taken of 
the maximum and minimum temperatures, the wet and dry bulb tempera- 
tures, and the evaporation from both black and white standardized spherical 
atmometer cups (13). The percentages of relative humidity were obtained 
from the wet and dry bulb thermometer readings with the aid of published 
tables (17). To aid good pollination, plants were jarred at appropriate 
times. On September 21, one-half of the plants in each series was harvested. 
Nutrient treatments were continued with those cultures remaining. The pH 
values of the nutrient solutions were obtained colorimetrically. 

The osmotic values of the nutrient solutions and of the extracted plant 
juices were determined by means of the freezing point depressions of the 
liquids, with the Beckman thermometer according to the method of Harris 
and Gortner (9). Appropriate corrections for undercooling were made. 
All reported osmotic values are those at 20° C. The tissue fluids used for 
the determination of osmotic values were obtained by extraction with a hand 
screw press from the representative tissue samples. 

Determinations of refractive indices were made at controlled temperature 
with a Zeiss Abbe refractometer following the suggestions of Gortner and 
Hoffman ( 7 ) with regard to plant tissue extracts. The values of water 
content of the tissues were obtained from Schonrock’s table (21). The 
plants were harvested on the dates indicated and the tissues were rapidly 
dried in a current of air at about 70° C. The analytical fraction reported 
‘‘leaves” included the petioles. The fraction reported “stems” included 
only that portion of the stem produced as new growth after the nutrient 
treatment in each of the several series was started. For the determination 
of osmotic values of tissue extracts, the fraction reported “stems” included 
both young and leaf tissues and the fraction designated “fruits” con- 
sisted of gftMl, immature fruits from 2.5 to 3.5 cm. in diameter. 
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Experimental results 

Environmental conditions 

Daily records made of certain factors of the environment during the 
course of the experiment are given in figure 1. The lower curves in the 
diagram represent corrected values for the loss of water, in grams, by 
evaporation from the surface of the black and white Livingston standard 
spherical atmometer cups for each twenty-four-hour period. These values 
indicate wide differences in daily evaporating power of the air. For ex- 
ample, the daily rate of evaporation on September 12 was 36 gm. for the 
black cup, and 29 gm. for the white cup. Five days later, on September 17, 
the value for each cup was less than 4 gm. The days with very low evapora- 
tion rates were usually either very cloudy or rainy, accompanied by a some- 
what lower temperature and high relative humidity. The days with high 
evaporation rates were usually those of high light intensity, accompanied by 
high temperatures and low relative humidity. Although no direct quanti- 
tative measure of light intensity itself was made, the differences between 



Fig. 1. Daily records of percentage relative humidity, maximum and minimum tem- 
perature, and rates of atmospheric evaporation from standard black and white atmometers. 

the daily evaporation from the black and white atmometer cups reflect the 
relative amount of absorption of solar radiant energy, and vary directly with 
changes in light intensity ( 12 ) . On bright days these differences were rela- 
tively large, for example, on September 12, September 25 to 29, October 1 to 
4, October 8 to 10, and October 21 and 26, as indicated in figure 1. On dark 
days these differences were relatively small ; for example, on September 8, 9, 
14, 17, and 30, and October 7. Since the absorption of radiant energy 
greatly increases transpiration, as well as evaporation, the effect of light on 
transpiration has an important bearing upon the relation between the con- 
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centration of the solution and the occurrence of blossom-end rot of the fruit. 
Throughout the experiment there continued to be fluctuations from day to 
day in evaporation rates, but with the fall in the dewpoint and decrease in 
actual humidity of the outside air with the coming of cool weather, and with 
the artificial heating of the greenhouse in which this experiment was con- 
ducted, the average relative humidity in the greenhouse gradually decreased 
during October and November. Consequently, the average evaporation 
rates were higher than during September and early October. 

The percentages of relative humidity were obtained from wet and dry 
bulb thermometer readings taken at 8 : 30 A. m. each day, and are represented 
on the upper curve in figure 1. Extreme air currents were not present in 
the greenhouse, and, therefore, the evaporation rates varied inversely with 
relative humidity in most cases. The values for percentage relative hu- 
midity, shown in figure 1, however, give a measure of the vapor pressure 
deficit at the time of the reading, whereas the values of evaporation rates 
given, are twenty-four hour rates. Therefore, while sudden changes in tem- 
peratures and absolute humidity taking place during the day are not re- 
flected in the values for percentage relative humidity given in figure 1 , never- 
theless the results of such changes are integrated in the values for the twenty- 
four-hour rates of evaporation. The curve indicating relative humidity 
shows the wide fluctuation in values within periods of a few days duration ; 
for example, from 91 per cent, on September 30 to 65 per cent, on October 1, 
and again from 78 per cent, on October 22 to 25 per cent, on October 28. 

Although with a given amount of water vapor in the air, the percentage 
relative humidity is closely dependent upon the temperature, yet, the two 
curves in figure 1 giving maximum and minimum temperatures for the same 
twenty-four-hour period over which the daily evaporation rates were mea- 
sured, show that there was considerably greater variation in evaporation 
rates and percentage relative humidity than there was in temperature. This 
was due to differences in rate of supply of water vapor to the air with any 
given increase in temperature, yrhether the water vapor came from air out- 
side the greenhouse or from the soil surface in the greenhouse. A sudden 
increase in temperature, with a low rate of water vapor supply to the air 
from the surroundings, was accompanied by a sharp drop in percentage of 
relative humidity and a rise in the evaporating power of the air. A slow 
increase in temperature, accompanied by a high rate of water vapor supply 
from the surroundings, was accompanied by little change in the relative 
humidity with increase in temperature. Therefore, as far as the relation 
between the concentration of the nutrient solution to the occurrence of 
blossom-end rot may be dependent upon the percentage of relative humidity 
or the evaporating power of the air, so far must temperature remain an 
indirect factor. 
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Growth and dry weight production of tops 

The tomato plants in each of the several series started to grow rapidly, 
hut differences in nutrient supply were soon reflected in the growth re- 
sponses. Representative plants in each of the several series, are shown in 
figure 2 as they appeared on September 4, three weeks after the beginning 
of the nutrient treatments. Plants in series A, C, D, and E, with which the 



Fia. 2. Tomato plants on September 4, gi own with complete nutrient solutions of 
different osmotic concentrations. Left to right: series A, 0.08 atm.; series B, 0.08 atm.; 
series C'*, 0.44 atm.; series D, 0.83 atm.; series E, 1.70 atm.; series F, 3.30 atm. Nutrient 
solution of series A supplied at a rate four times that in series B. 

nutrient solutions of low and intermediate concentrations were used, started 
and continued to make relatively more rapid growth than plants in either 
series B or F. The leaves in the plants of the former series were darker 
green and larger in size, and the mesophyll of the leaves more savoyed, the 
plants taller, the stems thicker with more axial sprouts, than was the case 
of llie plants in series B, with the solution of lowest concentration, or in 
series F, with the solution of highest concentration. 

A small amount of injury to the tips of a few leaves of some plants grown 
with the solutions of the intermediate and higher concentrations appeared 
following extended periods of cloudy weather. This injury to tissues was 
not typical wilting, although there was a slight resemblance, but was asso- 
ciated with the fairly high concentrations of ammonium nitrogen in the 
solutions in these series and its accumulation in these tissues during periods 
when the assimilation rate of ihis ion was low (31) . Aside from this injury, 
no other type of specific tissue injury was noted in the plants grown with 
solutions of high concentrations throughout the experiment. 

No significant growth differences associated with the different grades of 
sand used occurred, and, therefore, further comparisons between series will 
be made only with reference to the nutrient treatments in the different series. 

The differences in growth of the plants in the different series were appar- 
ent throughout the experiment. At the time of harvest on September 21 
the plants in series A were larger than those in series B and even slightly 
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greater than those in series C in spite of the fact that plants in series C were 
grown with a solution of an osmotic concentration more than four times as 
great, but supplied at one-fourth the rate as the solution in series A. The 
relatively poor growth of plants in series B was due to a lack of available 
nutrients, particularly nitrogen, and shows, as has been pointed out by 
Hoagland (10) and Johnston and Hoagland (11), that the rate of renewal 
of solution as well as the initial concentration are both important factors in 
the relation between the concentration of the nutrient solution and the 
growth of the plants. The less rapid rate of growth of plants in series F 
compared with that in series C, D, and E, considered in terms of the relation 
between the concentration of the solution and nitrogen assimilation of the 
plants, will not be discussed here in detail. Reference has previously been 
made to this relation by the writer (20), and also by Nightingale and 
Farnham (18). 

One-half of the plants of each series were harvested on September 21 
and figure 3 shows representative plants at this time. Table III gives the 



Fig. 3. Tomato plants on September 21, grown with complete nutrient solutions 
of different osmotic concentrations. Left to right ; series A, 0.08 atm. ; series B, 0.08 atm . ; 
series C, 0.44 atm. j series D, 0.83 atm. ; series E, 1.70 atm. ; series F, 3.10 atm. Nutrient 
solution of series A supplied at a rate four times that in series B. 

values for the green weight, dry weight, and the percentage dry weight of 
various parts of these plants. There was little difference between the total 
green weights per plant in series C, D, and E — ^the values being 256, 260.1 
and 259.7 gm. respectively. The green weight of series A plants, 228.6 gm., 
was somewhat lower than these, while the green weight per plant in series 
B, 122.2 gm., was less than one-half this value. The green weight per plant 
in series F was 184.2 gm. In general, the dry weights per plant correspond 
relatively in order of value with the green weights in the respective series. 
The total dry weight per plant of series E, however, was 29.86 gm., which 


BOBBINS: BliOSSOM-BND BOX OF TOMATO 


29 




30 


PLANT PHYSIOLOGY 


was greater than the average dry weight of the plants in any of the other 
series. At this phase of plant development, the fruits on the plants on all 
series were small and immature, and although the green and dry weights of 
fruits in series D, E, and P were less than those of series A, B, and C, these 
differences were reversed as fruit maturity progressed. 

The tissues of plants in series F were lower in water content than corre- 
sponding tissues in the plants of other series as shown by the percentages 
of dry weight. For example, the percentage dry weight of the stems of 
series P was 12.12 as compared with 9.41 for series D, which indicates that 
growth of the plants in series P was limited by an available water supply 
for the various tissues, and that the water content of the tissues of these 
plants decreased with increase in salt concentration of the nutrient solution. 

Differences in the water content of ripe, mature fruits grown in the 
several series were much greater than the differences in the water, content 
of the immature fruits. Table IV gives the percentage of dry weights of 

TABLE IV 

Percentage dry weight op green immature and ripe pruits harvested on December 4 
PROM tomato plants GROWN WITH COMPLETE NUTRIENT SOLUTIONS 
OP DIFFERENT OSMOTIC CONCENTRATIONS 



1 

Fruits 


Beries 

1 Osmotic , 

' CONC. 

Percentage dry weight 


i 

Green 

Ripe 


' atm . 

% 

% 


A I 0.08* ' j 4.54 

B I 0.08 , 4.71 


C 

0.44 

7.12 

6.69 

D 

0.83 

6.45 

7.11 

E 

1.70 

7.58 

8.44 

F 

3.10 

10.65 

' 


* Nutrient solution supplied at a rate four times that of series B. 

green fruits and of ripe fruits harvested on December 4 from each series. 
Only normal fruits with no blossom-end rot are here represented. Where 
no values appear in the table, fruits of that series were unavailable. The 
percentage dry weights of ripe fruits of series A and B were 4.54 and 4.71 
respectively, whereas the percentage dry weight of ripe fruits in series E 
was 8.44, or nearly twice as great, and reflects the great difference in the 
availability of water supply for these respective tissues. 
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These values of green and dry weight production show that in sand 
culture with nutrient solutions of 0.44, 0.83 and 1.7 atmospheres, tomato 
plants made excellent growth; that with a nutrient solution having an 
osmotic value of 0.08 atmospheres, good growth resulted only when the 
nutrient solution was supplied at a rate sufiSciently rapid to furnish an 
adequate nutrient supply and that although good growth resulted with a 
nutrient solution of 3.1 atmospheres osmotic value, growth of these plants 
was limited by factors other than mere quantitative nutrient supply. The 
relation between the water content of the tissues and the osmotic value of the 
extracted juices will be discussed later. 

Boot development 

The roots of the plants in the several series presented distinct differences 
in appearance. The roots of the plants grown with the solution of highest 
concentration were more slender and much more wiry than the roots of the 
plants in the other series. When bent double, these roots did not break 
readily as did those of the plants grown with the solution of the lowest con- 
centration. The roots apparently had matured early before much increase 
in diameter had taken place. Manj^ of these roots in the series P plants 
were light brovm in (‘olor, except toward the tips which were white, indicat- 
ing early suberizatioii of root tissues. The individual roots of the series F 
plants were not as long as those of the series A and B plants. The roots of 
series A and B plants were brittle, and usually broke when bent double. 
They were a uniform light yellow to white in color, and were maturing rela- 
tively slowly. Each root was larger in diameter and longer than those of 
series P, giving the root system a coarser and more extensive appearance. 
The roots grown with the solution of intermediate concentrations, namely, 
series C, D, and E, were intermediate, in condition and appearance, between 
the roots of the plants grown with the solutions of highest and lowest concen- 
tration. Roots of series C and D plants were excellent, and typical of roots 
produ(‘ed under optimum sand culture conditions. 

The differences in root structure noted in the several series offer an addi- 
tional explanation for the observed decrease in water absorption and water 
requirements of plants grown in solutions of high salt concentration. When 
the roots mature rai)idly with early suberizatioii of epidermal cells, the pro- 
portion of active absorbing surface to total root surface is relatively low, and 
the rate of water absorption, by tissue which has thus matured, is minimized. 
The differences in roots of these plants grown with solutions of different con- 
centration were similar to the differences in the roots of sweet pea which 
have been described by Nightingale and Parnham (18). 

The possible importance in the several series of the effects of certain ions, 
due to their specific nature, and aside from their colligative osmotic proper- 
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ties — ^for example, calcium and phosphate, on the rate of maturity of and the 
absorption of water by the root tissfues — ^is not to be here disregarded, but has 
not been completely evaluated in this experiment. 

Turgor and guttation 

Soon after the beginning of this experiment, there was apparent a dif- 
ference in the internal water relations of the plants of the several series. 
Although there was no pronounced and typical wilting of the leaves of any 
of the plants during the course of the experiment, differences in turgor of 
the tissues were evident. The mesophyll cells in the leaves of plants in series 
A, B, C, and D, grown with the solutions of lower concentrations, were glist- 
ening and shiny in appearance, which is typical of cells with high turgor. 
Similar leaf tissue cells in series E and F lacked somewhat this glistening, 
shiny appearance. The leaves of series E and P with the solution* of highest 
concentration did not have as high turgor as did those of the other series. 
The younger leaves of the plants in these latter series, during the middle of 
the day when the evaporation rate was highest, dropped slightly more than 
at any other times of the day. The leaves on plants in series A to D ap- 
peared to have maximum turgor at all times of the day. 

The appearance of guttation on the plants of some series, and not on 
others, gave further evidence of differences in turgor. Drops of guttated 
liquid occurred on the leaves of plants in series A and D during periods of 
very low transpiration, on September 3, 4, 7, 8, 10, and 14. As indicated 
in figure 1, the percentage relative humidity of the air was very high on these 
days, namely, between 85 and 95. Guttation was not observed on any of 
the plants in any of the series when the relative humidity was much below 
85 per cent, and during the last two months of the experiment this value was 
recorded only twice. 

Figure 4 shows a plant on August 25, when the relative humidity was 
95 per cent., from series B with large drops of guttated liquid on the tips 
and margins of the leaves. At no time did guttation take place from the 
leaves of any plants grown in series E and P, with the solutions of high 
concentration. 

There was considerable difference in the relative amount of guttation in 
the several series. Practically all the leaves of plants in series A and B 
showed copious guttation. Guttation was not so abundant from the leaves 
on series C plants, although most leaves of the plant showed some. On series 
D, however, under the same conditions, only the younger leaves showed this 
phenomenon. Therefore, under conditions of high humidity where trans- 
piration rates were low, positive internal pressures, resulting in guttation, 
occurred with the solutions of the lower concentration used. With solutions 
of the higher concentrations, however, such great positiye pressures did not 
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occur. Likewise in the same plant turgor differences made evident by dif- 
ferential guttation were maintained in the cells of the respective tissues by 
differences in either osmotic or imbibitional forces, or a combination of both. 
The importance of the maintenance of such differences in pressure of the 
hydrostatic system of different tissues to the incidence of blossom-end rot of 
the fruits will be discussed later. 



Fig. 4. Tomato plant grown with nutrient solution of low osmotic concentration 
(0.08 atm.) showing drops of guttated liquid on leaves. 

Fruit development and incidence op blossom-end rot 

The most striking external differences in the growth of plants in the 
several series were in the development of fruits, and the incidence of blossom- 
end rot. These differences were caused primarily by the same factor — 
namely, relative differences in the adequacy of the water supply for fruit 
development. The lower relative water requirements of plants grown with 
solutions of high concentrations than with low concentrations is known (16, 
22). Plants in all series produced fertile blossoms which set fruit freely. 
Figure 2 shows the plants as they came into bloom. Fruits set slightly 
earlier on plants with the solutions of low concentration as may be seen in 
table V, but at the time of the first harvest on September 21, plants in all 
series bore small fruits. Individual fruits in all series developed at ap- 
proximately the same rate until they reached a size of from 2.5 to 3^ cm. 
in diameter. Up to this phase of development, as shown in figure 3, blossom- 
end rot did not occur in any of the series, with two exceptions, but from this 
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TABLE V 

Number or fruits set pee plant in each series or cultures grown with nutrient 
SOLUTIONS or different osmotic concentrations on three dates 

DURING EARLY PART OF EXPERIMENT 



Osmotic 

CONC. 

Fruits set per plant 

Series 


September 




13 

17 

! 21 

A 

atm. 

0.08* 

1.0 

2.4 

3.0 

B 

0.08 

0.6 

2.0 

2.3 

C 

0.44 

1.1 

2.6 

3.3 

D 

0.83 

1.0 

2.0 

2.3 

E 

1.70 

0.5 

2.9 

* 4.8 

P 

3.10 

0.4 

3.0 

4.3 


* Nutrient solution supplied at a rate four times that of series B. 


point on fruits in series E and F increased in size much more slowly, and 
under favoring conditions developed blossom-end rot much more rapidly 
than did the fruits in other series. Figure 5 shows fruits chosen on October 
14 at a somewhat similar size, namely, 4.7 to 5.7 cm. When environmental 


A 



1 

J 


Pig. 5. Immature fruits on October 14, grown with complete nutrient solutions of 
different osmotic concentrations. Left to right: series A, 0.08 aim.; series C, 0.44 atm.; 
series D, 0.83 atm.; series E, 1.70 atm.; series E, 3.10 atm. Fruits from series E and F 
exhibit blossom-end rot. 


conditions favored the development of blossom-end rot, the initial symptoms 
of this disease appeared more quickly on fruits of this size and phase of 
maturity, than on either the smaller less mature, or on the larger more 
mature fruits. Maturity, or the character and composition of the fruits, 
rather than the size itself, is tjm important factor in this relation, and this 
will be discussed in connection with the ability of the affected tissues to 
obtain and retain an adequate water supply for tissue dwelopment. 
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The difference in fruit size of the several series continued to be greater 
until the fruits ripened. Table VI shows the average weight of individual 
ripe fruits in the several series on several harvest dates, for both normal 
fruits and those exhibiting blossom-end rot injury. The average weight 

TABLE VI 

AVEBAOE weight pee BIFE PBUIT ok each op these HABVEST dates, TOTAI, PIKAL AVEEAOE 
WEIGHT PEE PEDIT, TOTAL KOMBEB OP PBUITS PEE PLANT, AND PEECEKTAOES OP 
TOTAL KUMBEB OP PBUITS WITH BLOSBOM-EKD EOT PBOM PLANTS GBOWN 
WITH NUTEIENT SOLUTIONS OP DIPPEEBNT OSMOTIC CONOENTBATION 


Ntjteibnt treatment 

Average weight per fruit 

Summary 

Series 

Osmotic 

CONO. 

B 

Nov. 19 

1 

Deo. 4 

Total 

FRUITS 

PER 

plant 

Av. 

WT. 

PER 

FRUIT 

Per- 

centage 

OF TOTAL 
FRUITS 




Normal 

fruits 





atm. 

gm. 

gm. 

gm. 


gm, ! 

% 

A 

0.08* 

140 

129 

111 

5.5 

127 

100 

B 

0.08 


87 

51 

3.0 

69 

100 

0 

0.44 

105 

82 ' 

79 

2.5 

89 

83 

D 

0.83 

114 

117 

1 

3.8 

92 

72 

E 

1.70 


38 

i 47 

3.3 

43 

23 

F 

3.10 . 



25 

i 10 

0.5 

18 

20 



Fruits with blossom-end 

rot 



A 

0.08* 





0.0 


0 

B 

0.08 





0.0 


0 

C .. . 

0.44 

27 

44 



0.5 

36 

17 

I) 

0.83 

91 


70 

1.3 

81 

28 

E .. 

1.70 

54 


57 

2.5 

1 56 

77 

F 

3.10 

26 

58 

31 

2.0 

38 

80 


• Nutrient solution supplied at a rate four times that in series B. 


per ripe normal fruit varied from 127 gm. in series A, to 18 gm. in series P. 
The small size of the few fruits in series F, which ripened normally, was 
partly due to imperfect fruit development caused by an occasional incom- 
plete pollination of the original blossoms. Fruits in series F, which de- 
veloped from completely pollinated blossoms, were sowewhere larger and 
averaged 38 gm. in weight when ripe, but these fruits invariably developed 
blossom-end rot. Figure 6 shows the fruits on a plant from series A, on 
November 4. Although the ripe fruits harvested from plants in this series. 
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Fiq. 6. Eepresentative tomato plant from senes A, grown with complete nutrient 
solution of 0 08 atm osmotic value The ripe fruits are of large size and show no 
blossom end rot 

at this time, averaged 140 gm., the largest fruits weighing less than 200 gm., 
yet, one of these fruits, shown on the lower cluster in figure 6, when harvested 
later weighed 400 gm , an unusual size for a fruit of this variety. Figure 7 
illustrates typical fruits from each series as they appeared when ripe. The 
fruit from series A on the left was 7.4 cm. in diameter ; that from series F, 
showing blossom-end rot, was 3 6 cm in diameter. The two fruits on the 
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right show the typically shrunken appearance of ripe fruits with blossom- 
end rot. The fruits in series B, and to a slight extent in series A, showed, 
as did the growth of the plants themselves, the effect of a somewhat limited 
nitrogen supply. These latter fruits were somewhat more irregular in out- 
line and less globular in shape than fruits in series C and D, and the flesh 
of the fruit around the stem of many showed a slightly yellow tinge of color 
as the fruits ripened. 

As shown in table VI, blossom-end rot occurred on most fruits grown with 
solutions of high concentration and did not occur on solutions of the lowest 
concentration used. The percentage of total fruits with blossom-end rot 
was : series F, 80 per cent ; series E, 77 per cent. , series D, 28 per cent. ; and 
series C, 17 per cent. In series A and B there was no blossom-end rot. The 
only fruits in series F which failed to develop blossom-end rot were the occa- 
sional very small fruits averaging 18 gm. in weight, which, as was previously 



Pig. 7. Ripe fruits on November 4, grown with complete nutrient solutions of differ- 
ent osmotic concentrations. Left to right : series A, 0.08 atm ; series 0, 0.44 atm ; series 
D, 0.83 atm ; series E, 1.70 atm.; series F, 3.10 atm. Fruit from series E and P show 
blossom end rot in advanced stages. 

indicated, never reached the size when blossom-end rot was found to most 
readily develop. 

The initial symptoms of blossom-end rot appeared most often during 
periods of bright, warm weather, accompanied by high evaporation rates, 
which followed periods of cool, dark weather accompanied by low evapora- 
tion rates. The initial symptoms were externally apparent in a very few days 
after such a sudden change in these environmental factors. The differences 
in evaporation rates of the air by their direct effect upon the water relations 
of the plant appeared to be the principal factor influencing the development 
of blossom-end rot, rather than the indirect factors of light and temperature. 
Such changes in evaporation rates occurred frequently during the experi- 
ment. Figure 5 shows green fruits in series B and F with blossom-end rot 
as they appeared on October 14, which was the third day of an extended 
period of relatively high evaporation rates (fig. 1) following two periods of 
low evaporation rates, — one on October 7 and one on October 11. 

After blossom-end rot had seriously involved a considerable portion of 
the tissues, fruits rarely ripened normally thereafter. When conditions 
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associated with the occurrence of *blossom-end rot recurred repeatedly, the 
affected part of the fruit increased in size and involved a large portion of 
the fruit. Figure 8 shows two stages in the advance of this disease to a point 



Fig. 8. Tomato fruits grown in sand culture. Left, normal fruit from series Aj 
right, three fruits from series F showing blossom-end rot in several stages of development. 

where recovery did not take place. When, however, the conditions favoring 
the development of blossom-end rot, did not reoccur before fruit maturity, 
an occasional fruit, such as the one on the right in figure 8, ripened with no 
further injury beyond the slight browning of the outer epidermal tissue 
which constituted the first visible symptoms of the occurrence of this disease. 

In this experiment both nitrate and ammonium were used as sources of 
nitrogen. In view of the repeated references to the greater incidence of 
blossom-end rot where ammonium nitrogen was used, than where nitrate 
nitrogen was used, it may be wondered whether the form of nitrogen sup- 
plied in the nutrient solution was an important direct factor associated with 
the development of this disease. Comparisons of the effect of the two forms 
of nitrogen on the rate of incidence of blossom-end rot were not made in this 
experiment. But in preliminary experiments, under almost the identical 
cultural, seasonal, and environmental conditions which obtained during a 
part of this experiment, and where the nutrient solutions contained nitrate 
as the sole source of nitrogen, almost all of the fruits developed blossom-end 
rot when the osmotic concentration of the solution used was 1.75 atmospheres. 
When the osmotic value was decreased to one atmosphere, keeping the pro- 
portion of the salts the same, not a single fruit developed blossom-end rot 
thereafter. The development of blossom-end rot is not necessarily to be asso- 
ciated solely with either ammonium or nitrate nitrogen. Salts containing 
either form of nitrogen if present in high concentrations obviously exert an 
osmotic effect upon the absorption of water. However, aside from the 
osmotic effect concerned, if the use of nitrogen in high concentration in any 
form which can easily be assimilated results in an extremely vegetative 
growth of a tomato plant, such a plant will have a small proportionate root 
system, a low proportionate amount of water conducting tissue, thin cell 
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walls, and other features (19) which, under conditions of high evaporation, 
make it wilt more quickly than a plant grown with a relatively low rate of 
nitrogen assimilation. Fruits on such a plant are relatively more susceptible 
to the development of blossom-end rot than are those of the low nitrogen 
plant. The great relative rate of incidence of blossom-end rot of the fruits 
of vigorously vegetative plants is a matter of common observation and has 
been referred to. 

Osmotic values of expressed tissue juices and water supply op fruits 

In order to account for the loss of water from the fruits which occurs 
during the development of blossom-end rot, determination of the osmotic 
values of expressed tissue juices of fruits and young stems and leaves of the 
plants in the several series were made. Table VII gives these values. The 
osmotic values of the fruit tissues ranged from 6.68 atmospheres in series A 
and C to 10.79 atmospheres in series F, and for the young stem and leaf tissue 
from 8.19 atmospheres in series B to 12.99 atmospheres in series F. There is 
thus a difference of over 4 atmospheres between the osmotic values of the 
expressed juices of analogous tissues of plants grown with solutions of the 
lowest and highest concentrations. These differences in osmotic values show 
that there exist great differences in the availability of water in the tissues of 
these plants in the several series. There were also differences in the actual 
water content of the stem tissue extract in the several series, as determined 
by the refractometer, ranging from 94.55 per cent, for series A to 92.55 per 
cent, for series F. The smal’ differences in water content, compared with 
the total percentage assume a greater significance when the percentage of 
total solids, which include solids of all degree of osmotic activity, are com- 
pared. These values vary from 5.45 per cent, in the case of series A to 7.45 
per cent, in series F, representing a difference of 37 per cent, over the series 
A value. The relative osmotic values of the fruit and stem tissue extracts in 
the several series, taking the respective values in series A as 100, are also 
given in table VII. The relative osmotic values of the series F plants are 
162 for the fruit and 155 for the stem. In the cases of series D, E, and F, 
at least, it may be seen that the relative osmotic values of the fruits and of 
the stems are higher than the relative values for the percentage of total solids 
of the stems. This shows that there was a higher proportion of osmotically 
active solids in the tissues of the plants in these three series and emphasizes 
the probable importance of the inorganic salts in the osmotic relations of 
these tissues. 

In each series the osmotic values of the extracts of the stem and leaf tissue 
exceeded those of the fruit tissue. These differences ranged in magnitude 
from 1.62 atmospheres in series A to 3.63 atmospheres in series C, and indi- 
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Nutrient solution supplied at a rate four times that in series B. 
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cate that a water deficit must surely exist in the tissues of the fruit and that 
under conditions of high transpiration rates, not only did a continued water 
supply become unavailable to the tissues of the fruit, but actual withdrawal 
of water took place from these tissues. In plants in series E and P particu- 
larly, this loss of water from the tissues of the fruits was great enough to 
bring about the tissue desiccation and cell collapse known as blossom-end rot. 

These results are in agreement with those of Haas and Klotz (8) , who 
report higher osmotic values for the extracted sap of lemon leaves than of 
the fruits with attendant loss of water from the fruits ; with those of Bar- 
tholomew (2), who by dendrographic measurements found actual water 
loss from lemon fruits ; and with MacDougal (14), who by similar measure- 
ments reported loss of water from tomato fruits. 

It has been assumed that during the development of blossom-end rot the 
principal loss of water from the fruits took place through the pedicel, rather 
than from the surface of the fruit. This apparently was true since fruits 
of series P in a state of maturity, such that blossom-end rot developed rapidly 
under favoring conditions if allowed to remain attached to the plant, lost 
water much less rapidly after removal from the plant than when still at- 
tached, and after removal from the plant did not develop blossom-end rot. 
Transpirational loss, therefore, from the fruit surface was concluded to be 
negligible compared with the loss through the pedicel to the stems and leaves. 

Some explanation must account for the fact that severe blossom-end rot 
developed in fruits of series P plants when the determined osmotic gradient 
between fruits and stems was found to be 2.20 atmospheres whereas this dis- 
ease did not develop in fruits in series A plants when the osmotic gradient 
between fruits and stems was 1.62 atmospheres, only slightly less. The 
osmotic gradients between fruits and stem tissue in the plants of the other 
series was even greater than either of these two differences. It is significant 
that the smallest gradient occurred in series A plants where blossom-end rot 
did not develop ; and this alone may primarily account for the phenomenon. 
However, an additional explanation seems pertinent. The existence of an 
osmotic gradient between two tissues does not per se necessarily imply move- 
ment of water. The difference in osmotic pressure, which might otherwise 
be expected to result in water movement, can be counteracted by imbibitional 
forces establishing a gradient in the opposite direction. No movement of 
water then takes place and the tissues retain their supply against a deter- 
mined osmotic gradient. 

This relation between the osmotic and imbibitional forces of fruit tissue 
on the one hand, and leaf and stem tissue on the other hand, apparently 
obtained in series A and B. Moreover, accompanying a considerable varia- 
tion of osmotic concentration of cell sap which is known to occur periodically 
(32), cells, although losing a slight amount of water at certain times of the 
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day, may yet recover without seifious injury when water is again available, 
provided loss of water does not continue to take place too long. Any loss 
of water from fruits of series A and B plants, which may have occurred, was 
undoubtedly very slight and of short duration owing to the low resistance to 
water absorption which the solution of low concentration used with these 
series offered. Loss of water from the tissues of fruits in series C, D, E, 
and F, on the other hand, took place not only more rapidly as indicated by 
the greater osmotic gradients, but undoubtedly this loss of water occurred 
over a longer period of time owing to the higher resistance to water absorp- 
tion which these solutions offered as compared with the nutrient solution 
used with series A and B. 

The notably high imbibitional forces of young cells (6, 24 , 25 , 26), often 
exceeding in value the osmotic forces, undoubtedly accounts for the fact that 
very young, actively growing tomato fruits did not develop blossom-end rot 
even under the conditions of high transpiration intensities, and the severe 
fluctuations in evaporation rates which occurred at certain times during this 
experiment. 

During the development of blossom-end rot there is, in addition to a loss 
of water from the fruit as a whole, competition for water between different 
tissues of the same fruit. By the refractometer method, it was found that 
differences in water content of the extracts of various tissues of the same 
fruity did exist. The water content of the wall tissue near the stem end of 
the fruit was 93.05 per cent, whereas the water content of the tissue of the 
wall near the blossom-end of the fruit was 93.6 per cent. The water content 
of the juice of the seed cavity was still higher - 93.85 per cent. Although 
differences in water contents do not necessarily prove that attendant differ- 
ences in osmotic values exist, yet, the close inverse relation between water 
content and osmotic value of plant tissues is very common as Stoddart (27) 
has shown. 


Gain of water by fruits 

Whereas, associated with the development of blossom-end rot, tomato 
fruits on plants grown with nutrient solutions of high concentration lost 
water during periods of high transpiration, under the reverse environmental 
conditions, when grown with solutions of low concentration and under low 
transpiration, fruits gained water. The relatively high water content of the 
fruits in series A and B has been noted. The gain in water by fruits follow- 
ing sudden change of environmental conditions may be so rapid that actual 
tissue rupture takes place. Such cracking is very common in some varieties 
of tomatoes in the field ( 6 ), when they are almost ripe, particularly during 
a rain which follows a period of bright warm weather. Such cracking or 
splitting of the fruits usually occurs coincidentally with guttation from the 



BOBBINS: BLOSSOM-ENB ROT OF TOMATO 


43 


leaves, under conditions of very low transpiration. In this experiment, 
although there was an occasional fruit in series A which showed this split- 
ting, environmental conditions were not particularly favorable to the occur- 
rence of this cracking during the latter part of the experiment when the 
fruits were ripening. However, such splitting of nearly ripe fruits has 
occurred at other times repeatedly with solutions of low concentration dur- 
ing a cloudy period of very high humidity immediately following a period 
of bright weather. There was no splitting whatever of the fruits in series C, 
D, E, or P. Furthermore, whereas blossom-end rot develops principally on 
green fruits, cracking occurs largely with ripe or nearly ripe fruits which are 
high in sugars. 

A mechanism of tissue rupture in Stayman apples, which appears to be 
similar to that involved in cracking of tomato fruits, has been reported by 
Verner (34) to occur under a combination of environmental conditions just 
the reverse of those which, in this experiment, were found to be associated 
with the development of blossom-end rot of tomato fruit. Cracking of the 
external tissue of the apple occurred when underlying and adjacent fruit 
tissue had a high osmotic value with reference to the surrounding tissue, but 
this cracking took place only under conditions of high humidity. Under 
these conditions of low relative transpiration, water in the plant became more 
available and moved into the tissues concerned. This reported injury to the 
apple tissue occurred usually during or following a rain and therefore there 
undoubtedly was^a coincidental decrease in the salt concentration of the soil 
solution, although these values were not reported. As Verner pointed out, 
however, the incidence of the injury was not solely correlated with any 
particular water content of the soil. 

Modifying factors 

Factors of the environment which more or less directly affect the water 
supply of the diseased tissue of the tomato fruit may modify the relation 
between the concentration of the nutrient solution and the development of 
blossom-end rot. 

First, the rate of change of nutrient solution is an important factor. A 
rapid movement and abundant supply of solution in the substrate tends both 
to minimize the rate of change in salt concentration of the absorbing film of 
the roots and also to keep to a minimum the attractive force of the substrate 
particles for water — ^both factors of which affect the absorption of water by 
the roots. In this experiment the rate of nutrient solution supply was the 
same in all the series except series A, where the rate of supply was four times 
that of the other series. Although two slightly different sized sand particles 
in the substrate were used, there was no apparent difference in the incidence 
or rate of development of blossom-end rot of the fruits grown with the grades 
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of sand used. There was undou\)tedly in the cultures of each series some 
variation in the concentration of the absorbing films and in the attractive 
force of the particles of the substrate for water under the varying rates of 
transpiration, but such changes are not considered the principal limiting 
factors in these experiments. 

Secondly, since the pH value of the nutrient solution affects directly or 
indirectly the absorption of water by the plant, this factor may also become 
important in the relation between the concentration of the solution and the 
incidence and development of blossom-end rot of the tomato fruit. The 
original pH values of the different nutrient solutions herein employed were 
largely dependent upon the concentration of the phosphate ion, reference 
to which, with regard to the growth of roots, has already been made. Table 
VIII gives the pH values of the solutions in each series before and after 

TABLE VIII 

Avesaqe pH values or excess solutions escaping peom the cultures in each series 

RECEIVING NUTRIENT SOLUTIONS OP DIPPERENT OSMOTIC CONCENTRATIONS, AS 
COMPARED WITH INITIAL PH VALUES OP EACH SOLUTION 


Series 

Osmotic 

CONC. 

pH value or nutrient solutions 

Initial 

Final 

Sept. 2 

Sept. 14 

Nov. 21 


atm. 

pU 

pH 

pH 

pH 

A 

0.08 

5.2 

5.3 

5.5 

4.2 

B 

0.08 j 

5.2 

5.4 

5.7 

4.0 

C 

0.44 

5.0 

5.2 

5.2 

4.1 

D 

0.83 ! 

4.9 

4.9 

5.1 

4.1 

E 

1.70 

, 4.8 


4.5 ; 

1 4.1 

F 

1 3.10 

1 

1 4.4 

4.1 

4.1 


passing through the cultures. Previous to the time of the first harvest on 
September 21, the pH values of the escaping solutions in series A, B, and C 
were each slightly higher than they were initially in the respective series. 
The pH values of the solutions escaping from the cultures in series B and P 
were lower than they were initially. During the latter part of the experi- 
ment, however, when distinct differences in the rate of incidence of blossom- 
end rot in the several series occurred, the solutions escaping from cultures 
in all series were approximately the same in pH value, namely, 4 to 4.2. 
Therefore, in this experiment observed differences in the pH value of the 
solutions in the several series are not in themselves considered principal 
limiting factors in the relation between the salt concentration of the nutrient 
solution and the incidence and rate of development of blossom-end rot. 



BOBBINS: BLOSSOM-END BOT OF TOMATO 


46 


Thirdly, the decrease in the rate of water absorption, which is associated 
with a low available oxygen supply to the roots (16) and the increase in 
suction pressure of the root cells attendant with low oxygen supply (33) may 
become a very important factor in afiEecting the development of blossom-end 
rot of the tomatoes grown in nutrient solutions. Thus, this disease of the 
fruit has been produced in this laboratory when the plants were grown in 
nutrient solutions of approximately only one-half atmosphere osmotic value 
but when insuflicient aeration of the culture solution was provided. 

The external factors which directly or indirectly affect transpiration, 
such as light intensity, the humidity, temperature, and rate of movement of 
the surrounding air, are likewise important factors in the development of 
blossom-end rot. The extent of regulation of transpiration by stomatal 
movement incident to changes in light intensity was not recorded in this 
experiment, but the importance of such regulation is not to be underesti- 
mated. The close association between changes in light intensity and the 
development of blossom-end rot in this experiment has, however, been previ- 
ously noted, as well as the reported decrease in the rate of incidence of this 
disease on the fruits of shaded plants grown in soil compared with unshaded 
plants. The effect of the degree of humidity and temperature have been dis- 
cussed, but the importance of the rate of air movement upon the development 
of blossom-end rot through the indirect effect upon the transpiration inten- 
sity should also be emphasized. 

Before concluding the discussion of the relation between the solute con- 
centration of the nutrient solution and the incidence of blossom-end rot of 
the fruit, the significance of wide variation in the magnitude of the satura- 
tion deficit of the tissues should be re-emphasized. Whereas, rapid growth 
of all tissues is coincident with relatively low saturation deficits, the occur- 
rence of blossom-end rot must be coincident with high saturation deficits of 
the cells concerned. With culture solutions of high salt concentrations, the 
relatively high resistance to water absorption by the plants at a rate rapid 
enough to replace transpiration loss increased the magnitude of the satura- 
tion deficits of these plant tissues when the rate of transpiration was high, as 
compared with that present in these same tissues at other times when the 
transpiration rate was much lower. Thus, whereas water was available for 
the growth of fruits when the transpiration rates were relatively low, yet 
withdrawal of water from the affected tissues of the fruit took place when 
the transpiration rates were relatively high. Whether blossom-end rot 
would develop under conditions of constant low evaporation rates if the 
tomato plants were grown with solutions of high concentration, was not 
determined. 
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Conclusions 

The close dependence of the plant upon an abundantly available water 
supply for the rapid growth of tissues and for the development of fruit is 
emphasized. 

Rapid development of vegetative tissues and fruit of the tomato is 
facilitated with nutrient solutions of low concentration provided an abun- 
dant supply of the solution is available. With solutions of high salt con- 
centrations, growth of the tissues may be limited by lack of available water. 

A concomitant result of this lack of a readily available water supply for 
the tissues of the plant, is the development of blossom-end rot of the fruit 
which occurs to a high degree when nutrient solutions of high salt concen- 
trations are employed. 

Any factor which either seriously restricts the rate of absorption or 
greatly increases the rate of transpiration of water by the plant will increase 
the probability of the incidence and development of blossom-end rot of the 
fruit. 


Summary 

1. Tomato plants from a selected strain of the Marglobe variety were 
grown in sand culture in the greenhouse with nutrient solutions of five dif- 
ferent osmotic concentrations ; namely, 0.08, 0.44, 0.83, 1.7, and 3.1 atmos- 
pheres. A comparison was made of the effects on growth of two rates of 
supply of the solution of lowest concentration. 

2. A deficiency of nutrients, especially of nitrogen, limited growth in 
solutions of 0.08 atmosphere osmotic value supplied at the rate of one liter 
per plant per day. At the higher rate of supply of the same solution of four 
liters per plant per day, plants made very good vegetative growth. 

3. With nutrient solutions of 0.44, 0.83 and 1.7 atmospheres osmotic 
value, plants made excellent vegetative growth and had greater total green 
and dry weight per plant than those in solutions of lowest and highest 
osmotic value. 

4. Vegetative growth of plants with solutions of 3.1 atmospheres osmotic 
value was good, but was limited by factors other than quantitative inorganic 
nutrient supply, the most important of which was apparently low available 
water for tissue development. 

5. Fruits set freely on plants grown with nutrient solutions of each con- 
centration. 

6. Tomato fruits produced on plants grown with the nutrient solutions 
of 3.1 atmospheres osmotic value were very much smaller than those pro- 
duced on the plants grown with the solutions of lower concentration. Many 
fruits grown with solutions of 0.08 atmosphere were of exceptionally large 
size. 
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7. The roots of plants grown with solutions of 0.08 atmosphere osmotic 
value were brittle, succulent, relatively large in diameter, almost wholly 
white in color, and appeared to be maturing slowly. The roots of plants 
grown with the solution of 3.1 atmospheres osmotic value were tougher, 
less succulent, smaller in diameter, slightly more creamy yellow to brown in 
color, and appeared to be maturing more rapidly than the roots of the plants 
grown with the solution of lowest concentration. 

8. There was a pronounced diiference in the internal water relations of 
plants grown with the nutrient solutions of different concentrations as evi- 
denced by differences in guttation from the leaves. Under conditions of low 
transpiration guttation took place abundantly from the leaves of plants 
grown with solutions of the lowest concentration used, but not at all from 
the leaves of plants grown with the solutions of the two highest concentra- 
tions. 

9. The percentage dry weights of fruit, stems, and leaves varied with the 
concentration of the solutions, the values being the highest in the solution 
of 3.1 atmospheres osmotic value and lowest in solutions of 0.08 atmosphere. 

10. Approximately 80 per cent, of the fruits on plants grown with solu- 
tions of the two highest concentrations employed developed the physiological 
tissue disorder known as blossom-end rot. This disorder consists of the 
turning brown, shrinking, and death of the tissues at the stylar or blossom 
end of the fruit accompanying the loss of water from these tissues. 

11. No blossom-end rot occurred on fruits grown with the solution of the 
lowest concentration employed. 

12. The development of blossom-end rot was associated with wide fluctua- 
tions in the rates of transpiration as indicated by fluctuations in the rates 
of evaporation and occurred during a period of high transpiration intensities. 

13. A slight amount of cracking of fruits occurred under conditions of 
low transpiration intensities but only in the case of plants grown with the 
solution of the lowest concentration. 

14. There was a difference of approximately four atmospheres between 
the osmotic values of the extracted juices of similar tissues of plants grown 
with solutions of lowest and highest concentrations, these values ranging 
from 6.68 to 10.79 atmospheres in the case of the fruits and from 8.19 to 
12.99 atmospheres in the case of the stems. 

15. An osmotic gradient of 1.62 to 3.63 atmospheres was found to exist 
between the extracted juices of the tissues of the fruits and those of the stems 
and leaves, in the plants grown with solutions of the various Concentrations 
employed. The smallest osmotic gradient occurred in the plants grown with 
the solutions of lowest concentration. 

16. The significance of the differences in osmotic and imbibitional pres- 
sures of fruit, and stem and leaf tissues of the plants in the various series 
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in relation to the incidence and development of blossom-end rot of the fruit 
is discussed. 

17. The importance of the factors of light, temperature, humidity, rate of 
air movement, and the pH value and oxygen tension of the solution to the 
development of blossom-end rot of the fruit in solutions of different nutrient 
salt concentrations are either noted or discussed. 

New Jersey Agriculture Experiment Station 
New Brunswick, New Jersey 
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THE FROST-HAEDENING MECHANISM OF PLANT CELLS^ 

G. W. SOAETH AND J. LKVITT 

(with three figures) 

Introduction 

In the foregoing papers of this series (26, 26) we have given an account of 
our more intensive researches on the physiology of cold resistance, ap- 
proached always through a study of living cells. We now describe a number 
of lesser excursions into the same field, and combine with this a survey of the 
whole problem of hardening in the light of those changes which have been 
found to accompany it. The relation of proved hardening changes to the 
mechanism of resistance must remain hypothetical unless we know the type 
of injury which has to be resisted. This, however, is still a problem, and evi- 
dently a complex one. The immediate cause of death is not always the same. 
Sometimes it is only indirectly related to temperature, as in soil heaving, 
smothering by ice, and physiological drought. Often there is a time factor 
which would seem to involve a mechanism different from that responsible 
for immediate killing. 

Though we confine our attention to the more direct and immediate action 
of frost, the problem is still complicated because, as we shall see, the mode 
of injury varies with conditions, such as the rate of freezing or the rate of 
thawing, and also with the type of plant. Very tender plants are killed 
merely by chilling to temperatures which are still above the freezing point 
of their juices, or even above 0° C., but most plants of temperate regions 
suffer no harm unless ice forms in their tissues, and they may be supercooled 
with impunity. The well-known resistance of dry seeds and spores to the 
extreme cold produced by liquid air or liquid hydrogen shows that low tem- 
perature per se is not fatal. There is also some evidence, though rather 
indirect, that the amount of injury to a particular tissue is more or less 
proportional to the amount of ice formed in it (1, 31). Whatever the 
mechanism of frost injury, apparently any change which reduces or pre- 
vents ice-formation will have a hardening effect, and certain theories of 
hardening are based entirely on this type of resistance. But tissues do 
freeze, and the major problem before us is how hardening enables a plant 
to endure an amount of freezing that is fatal in the unhardened state. It 
is this problem that depends on the mechanism of injury for its solution, 
and it will therefore be discussed in relation to theories of the same. These 
fall naturally into two main groups : Those that regard injury as an effect 

1 Investigation carried out with financial aid of the National Besearch Council of 
Canada. This is the third of a series of papers on frost-hardening processes. 
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of dehydration of the cells; and those that regard it as mechanical. It is 
convenient, therefore, to classify hardening changes, according to the type 
of resistance which they seem to offer, into the following categories; 

I. Resistance to formation of ice. 

II. Resistance to dehydration effects of ice formation. 

III. Resistance to mechanical effects of freezing and of thawing. 

I. Resistance to formation of ice in tissues 

The factors tending to prevent or reduce freezing which are found to 
become more active with hardening are supercooling, depression of the 
freezing point, and reduction in the amount of free or freezable water. 

Supercooling 

Supercooling is always observed when tissues are exposed to freezing 
temperatures, and has been found (at least in insects) to be greater in 
hardened than in unhardened tissues (40). Generally, however, the maxi- 
mum extent of the supercooling is but a few degrees, and its duration brief. 
In such cases it can act only as a first line of defense. But cases of greater 
and more prolonged supercooling — or pseudo-supercooling — are also on 
record. Wiegand (47) found that in some trees the buds are not frozen at 
-18° C., and in a smaller number even at -26° C., more than 20° below 
the freezing point of their cell sap. Lewis and Tuttle (27) found that 
living leaves of Pyrola froze at a temperature 28.5° C. lower than that re- 
quired to freeze dead leaves. Iljin (21) says that on account of super- 
cooling, leaves of evergreens, such as Hedera helix, often resist temperatures 
reaching below - 20° C. in Central Europe. 

In a plant, the conditions for supercooling are well fulfilled as regards 
breaking up of the liquid mass into separate droplets and capillary columns ; 
but it would seem to be essential for the continuation of the state that the 
cells be isolated by ice-proof barriers which will prevent spread of crystalli- 
zation beyond any locus in which it may chance to originate. For this to be 
maintained there must be very little freezable water in the walls. 

In this connection it is significant thitt reduction of water content (which 
practical men call ^‘maturing’') is a regular feature of hardening. The 
percentage reduction is not usually great, but a small reduction of cell 
volume can greatly reduce the turgor pressure of the cells and correspond- 
ingly greatly increase their suction tension, which of course reduces the 
water in their walls. Thus, the water which remains in the walls is far 
below saturation point, and its menisci are retracted into the ultra-micro- 
scopic pores, a condition which tends to prevent ice formation. Also, it is 
known that wilting increases frost resistance, and the presence of free inter- 
cellular moisture decreases it. But hardy plants, and animals also, do not 
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depend upon supercooling for their protection. At a sufficiently low tem- 
perature, ice always forms, except in dry objects like seeds, and tissues may 
be frozen till brittle without fatal effect. In such cases, toleration rather 
than prevention of freezing is the mode of resistance. 

Depression op freezing point: osmotic value 

The importance of depression of the freezing point in relation to frost 
resistance lies not so much in the lowering of the temperature at which ice 
begins to form — because the difference is only a few degrees at most — as in 
the reduction in the amount of ice formed, or the increase in the amount of 
water unfrozen at any temperature below the freezing point. A twice-molar 
concentration of sugar has a freezing point only 3.25° C. lower than a quarter- 
molar, but at - 35° C. the amount of ice formed is 75 per cent, and 97 per 
cent, respectively, and the unfrozen water is 25 per cent, and 3 per cent, of 
the total water. Since at equilibrium ‘^suction tension,” and therefore the 
freezing point, must be the same in every part of a cell — ^vacuole, protoplasm, 
and cell wall — the osmotic value of the cells measured plasmolytically tells 
us the freezing point of the whole tissue. Experience supports theory in 
this regard. Wiegand^s observations prove that ice, though its locus is 
intercellular, only begins to develop at the freezing point of the cell sap and 
completely melts at the same temperature. In the following discussion, 
therefore, we shall refer to the osmotic value or osmotic pressure of the cells 
rather than to the -freezing point of the tissue. 

In our attempt to find a correlation between hardiness and osmotic pres- 
sure (Levitt and Scarth, 26), ten species and more varieties were tested. 
The two tender herbaceous species (sunflower and castor bean) were incap- 
able either of becoming frost resistant or of increasing in osmotic pressure 
when exposed to ‘‘hardening” temperatures. The two semi-hardy her- 
baceous species (cabbage and clover) showed an increase of 20 to 30 per 
cent, in osmotic pressure as a result of hardening. The six hardy woody 
plants possessed maximum winter osmotic pressures up to 400 per cent, 
greater than their minimum in spring. Among these, the highest concen- 
tration was found in the hardiest species, Caragana, and it also reached its 
maximum earlier in the season than did the others. Of the four apple 
varieties, one of the two hardy ones showed the highest winter osmotic 
pressure, whereas the other was no different from the two more tender varie- 
ties. However, both reached their maxima earlier in the season than the 
tender varieties. 

In short, our results reveal wide seasonal changes in the osmotic pressure, 
and support the general principle of a correlation between osmotic pressure 
and hardiness ; but they also show that the correlation is not close nor in- 
variable. In particular, they indicate that osmotic pressure rises to a high 
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value in many woody plants before there is actual need of hardening, and 
may remain constant during the subsequent period of falling temperature. 
Unfortunately, we have as yet no tests of the actual hardiness of the plants 
during this period. An example of the yearly cycle, that of Hydrangea 
paniculata, is shown graphically in figure 1. 

hS 

1-2 


•p 

«: 
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0 

Fig. 1. Seasonal changes in osmotic pressure and urea permeability (Oct. 1934- 
Oct. 1936) and in KNO, permeability (Jan. 1935-Jan. 1936) of cortical cells of Hydrangea 
paniculata. 

The depression of the death point, or temperature at which plants are 
quickly killed, is relatively far greater than the depression of the freezing 
point of their saps in ‘‘ natural^’ hardening, while it is only equal to it in 
the hardening produced by artificially increasing the sap concentration, 
Akbrman found that when the osmotic value of the cabbage cells was in- 
creased from the equivalent of 0.4 M to 1.0 M sugar, by allowing the leaves 
to take up erythrol, the death point was lowered from - 2° to - 5° C. The 
change in each is 150 per cent., but we find in natural hardening of the 
same cells that 150 per cent, lowering of the death point is attended by only 
20 per cent, increase of osmotic pressure. 

Reduction in free water 

The smaller the proportion of freezable water in the cell, the smaller the 
amount of potential ice. Furthermore, if free water be synonymous with 
solvent water, its reduction will rais^the osmotic pressure and reduce freez- 
ing in that way. The percentagH^iOl free water may be lessened in three 
ways: {a) loss of water; (b) increase of solids; and (o) binding of water. 

Loss of water in hardening is usually slight and has already been dis- 
cussed. Increase of solids must of necessity depend upon nutrition and 
storage, and cannot jresult from temperature effect alone ; but it may be of 
great importance in frost resistance. The binding of water requires some 
diseussion. ' 
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One of the commonest statements in recent literature on winter hardi* 
ness is that an increase in cold resistance is associated with an increase in 
hydrophilic colloid, or, in other words, a greater proportion of bound 
water, The evidence for this statement in the work of Bosa, Qortkeb, 
Newton and others, though based on different methods of estimation, is all 
open to criticism and is opposed by some recent findings (Metbr^ 32 ; Mar- 
tin, 30 ; Lebedinoev, 28), Some authorities, such as A. V. Hill, even assert 
that there is no bound (in the sense of non-solvent) water even in aninnal 
tissues, where we should expect a higher ratio than in plants. When Gboll- 
MAN^s formula (16), which makes due allowance for hydration of sugar, is 
used to calculate bound water in wheat juice from Gortner^s cryoscopic 
measurements, the percentage of bound water is found to have a quite small 
and sometimes negative value. The negative value is explaind by Gobtnbr 
(14) as due to preferential adsorption of solute. 

There are several objections to estimation of bound water on plant juices, 
among them being difficulties of sampling and possible change, with death, 
in the hydrophilic properties of the colloids. 

With living cells it is not possible to measure bound water directly, but, 
more to the point, free or solvent water can be determined accurately, and 
from this, if desired, some estimation of bound water may also be reached. 
As details of methods and results have been given in a preceding paper 
(Levitt and Scarth, 26) a summary will suffice here. 

If the cell is simply a pure solution surrounded by an osmotic membrane, 

then it will obey Boyle law, so that P o® however, there is an 

appreciable quantity of non-soluble solids or of non-solvent (i.e., ‘ ‘ bound 

water, then this relation will not hold. The formula P oo -i- must then be 
' v-x 

used, X representing that fraction of the cell volume occupied by non- 
soluble solids and/or non-solvent water. 

In determining which of these interpretations of x is valid, an indirect 
method must be used. Thus, if x is constant for aU values of P, then it repre- 
sents non-soluble solids, since no change in pressure can alter their volume. 
If, on the other hand, x varies inversely with P, then it is at least partially 
composed of non-solvent water, since bound and free water are in equi- 
librium. 

Thus, an estimation of x was found to be useful in determining the rela- 
tionship between bound water and hardiness. In both hardened and un- 
hardened cells of cabbage x = 0 and there is, therefore, no appreciable amount 
either of non-solvent water or of non-soluble solids in the sap. In cortical 
cells of Caialpa and Liriodendron, however, x is large — ^about 40 per cent, in 
hardened and 25 per cent, in dehardened twigs. Since it varies with osmotic 
pressure, x must be partially composed of bound water. Figure 2 allows a 



56 


PIiANT PHTSIOLOGT 



cortical ccUb (as well as of protoplasm and vacuole separately) with change in concen- 
tration of plasmolyte. The volume of the vacuole is shown by the difference between that 
of the whole cell and of the protoplasm. 

oomparison to be made between hardened and dehardened cells as regards 
the cell volume and the proportion of the cell occupied by x in various con- 
centrations of plasmolyte. The osmotic pressures at normal volume differed 
only slightly, being 14 atm. in tiie partially dehardened, and 18 in the 
hardened ; the curves of cell volume tend to diverge in higher concentrations, 
due to the effect of x. Greater divergence is shown when dehardening is more 
complete (25). X is proportionally larger in the vacuole than in the proto- 
plasm, and it is here that most of the difference in z between hardened and 
dehardened cells resides. 
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Seasonal changes are also significant. Early in May, x drops to half 
its winter value in both Catalpa and Liriodendron cells, and since this hap- 
pens before any appreciable growth, it cannot be due to metabolic utilization 
of non-soluble solids. Nor can it be caused by a simple hydrolysis of the 
latter to soluble substances, for in this case a rise in osmotic pressure would 
result, whereas the reverse occurs. Thus the only possible cause of the 
seasonal drop in x at this period is a decrease in bound water. A further 
diminution of x occurs later in the season, but this may be due to the develop- 
ment of new growth. 

Briefly then, determinations of the non-osmotically active fraction of 
the cells of woody plants reveals the existence of bound water which occurs 
in greater quantity in hardened than in unhardened cells, and which partly 
accounts for the very high winter osmotic pressures possessed by the former. 

A semi-hardy herbaceous plant, however, was found to have no measurable 
amount of bound water either in the hardened or unhardened condition. ^ 

The importance of increase of non-solvent space in reducing freezing may 
be illustrated by a calculation given in a previous paper, which shows that, 
whereas in non-hardened Catalpa 75 per cent, of the cell volume is converted 
into ice at - 6® C., in hardened tissue this amount is probably never reached 
at any temperature. In view also of the fact that -6® C. is about the 
critical temperature for unhardened cells (95 per cent, were killed in six 
hours), the extremely low temperature that the hardened cells endure is not 
surprising. 

Important though this factor may be in extreme resistance, it is not. 
likely to be the only one. Moderate hardening is produced in cabbage with- 
out it, and more than can be explained by the osmotic increase. We look, ^ 
therefore, to other theories of resistance. 

II. Resistance to physico-chemical effects of dehydration 

Reduction in the amount of solvent water as a consequence of ice forma- , 
tion results in concentration of the cell sap, which many authors, from 
Gorke (13) and Lidforss (29) onward, have regarded as producing death 
of the cell by virtue of a toxic effect. More precisely, the mechanism is f 
often pictured as a direct flocculation or even salting out of the protoplasmic 
colloids by coagulating substances, principally electrolytes present in the 
sap. There are many theories as to the means by which hardening tends 
to obviate this result. Protective changes have been detected or assumed, 
both in the composition of the sap or aqueous phase and in the protoplasmic 
colloids themselves. 

It would be highly desirable to know what happens in the aqueous phase 
of the protoplasm, as distinct both from the vacuolar sap and from its own 
colloids, but this is difficult. In dealing with press juices, we may separate 
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the coagulated colloids from a li(][uid which, in var 3 dng but usually very 
anudl part, is derived from the protoplasm but is mainly vacuolar sap. In 
studying living cells, we may measure properties of vacuole and protoplasm 
separately but cannot distinguish the phases of the latter. 

Since in our own research the approach to the problem is the cytological 
one, we shall classify the changes according as they appear in the vacuolar 
sap or in the protoplasm, respectively. 

Changes in the cell bap 

If freezing kills cells through toxic concentration of the sap, resistance 
to frost injury might be increased, either by reduction in the amount of toxic 
substances present or by increase in protective substances. 

The agents to which the toxic action has been ascribed are electrolytes in 
general — ^in virtue of their precipitating action on colloids — and ncid in 
particular. Protective action has been ascribed principally to sugars as 
inhibitors of protein coagulation. We shall consider these possibilities in 
turn. 

(a) Concentration op electrolttes. — ^It has been tacitly assumed by 
most investigators that any increase in the concentration of the cell sap' 
which occurs on hardening is due to an increase solely of organic solutes. 
Determinations of electrolytes, when these have been made, have generally 
failed to show any change (Dixon and Atkins, 9 ; Lewis and Tuttub, 27 ; 
Newton, 87) . Eecently, however, Dexter ( 6 , 7) demonstrated a definite ’ 
decrease in electrolytes amounting to 50 per cent, (per gm. dry matter), 
during the hardening period of wheat seedlings, but no change in alfalfa. 
Greathouse and Stuart (15) also have reported a decrease in red clover. 
We have yet to learn if this is a widespread phenomenon among plants. 
Dexter himself is of the opinion that the removal of salts by diffusion or 
any other process does not afford any protection to the plant or its sap. Our jj 
own results show that both hardened and unbardened cells can be made to 
take up very large amoimts of KNO 3 without suffering injury. Also the 
evidence of ash content, even for wheat seedlings (Newton 37) is against 
any change in concentration of inorganic salts. The decrease must be in 
organic electrolytes. 

(b) Htdrogen ion concentration. — ScHNADER and Schapfnit (46) put 
forward the hypothesis, also advocated by Harvey (17), that on concentra- 
tion of the cell sap the H-ions first reach toxic limits and that frost injury 
is really acid injury. In support of this, Zacharowa (48) states that the 
more acid tissues in a plant die first. Most of the facts, however, are opposed 
to the theory of acid injury. 

Thus, hardening is not accompanied by any significant change in the 
pH of tissue juices, as was proved by Bosa (42), Bakkb et al. (2), Newton 
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(36), Deztbb et al. (8), and Dovle and Clinch (10). Onr own results 
show a very slight tendency to reduction of acidity in the sap — a pH change 
of at most 0.2 — ^in hardened cabbage seedlings. This was found also by 
Dexteb (6), Kessleb (22), and Gbeathouse and Stcabt (15). In no case 
except some of Eessleb’s results is the change sufScient to offer appreciable 
protection. Since, however, it is possible that pH differences might exist 
in the respective cytoplasms, unaccompanied by corresponding differences 
in the sap, we approached the problem from another angle and tried the 
effect of changing the pH of the cells. 

Following Scabth’s (44) method of altering the pH of living cells, un- 
hardened cabbage seedlings enclosed in bell jars were exposed to the vapor 
of varying concentrations of ammonia and acetic acid. Solutions of indi- 
cators as well as living leaves of Zeirina pendvla included in the bell jar 
showed that the series of pH’s obtained probably ranged between about 44 
and 7.5. While still exposed to the vapor, the plants were subjected to 
frost in a cold chamber. The temperature used (about -5° C.) was suffi- 
cient to inflict severe injury on unhardened seedlings, but insufficient to 
cause much damage to hardened ones. In all cases, both the treated and 
the control plants suffered between 90 and 100 per cent, injury. Eesslbb, 
allowing plants to take up urea to increase the cellular pH, also found no 
change in resistance. 

Mention may also be made of experiments with expressed juice. First, 
as found by Dexter (6) and independently by ourselves (Levitt, 24), the 
juice of hardened plants of cabbage is no better buffered and consequently 
offers no greater opposition to increase of acidity than that of unhardened 
plants. Secondly, the proteins in the juice of hardened tissue, instead of 
being more stable toward acid, are more completely precipitated on the acid 
side of the iso-electric zone than in the unhardened juice. This last point 
anticipates the discussion of protoplasmic changes, but is mentioned now to 
complete our argument against the theory of acid injury. 

(c) Sugar concentration. — ^Lidfobss (28> 29) put- forward the theory 
that the sugars, increase of which is responsible for practically all of the 
osmotic change in hardening, afford a more important protection than mere 
osmotic action; namely, a specific protection against coagulation of the 
protoplasmic colloids, analogous to, but perhaps greater than, the protection 
which they afford to proteins in vitro (Newton and Brown, 38). Whether 
protoplasm after hardening shows any greater stability, under the action of 
coagulating agents, will be discussed in the next section. Meanwhile, we 
may judge the protection theory on the basis of the correlation between 
sugar concentration and hardiness. 

Dependence of some plants upon carbohydrate concentration for harden- 
ing seems to follow from the fact that, in the seedling stage when there is no 
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carbohydrate reserve, they are unable to harden properly if kept in the dark 
(Tumanov, 46 ; Dbzitib, 4 ). 

On the other hand, as Lidfobss himself admits, many plants (such as beet 
and sugar cane) with high sugar content are killed by light frosts, while 
others (such as mosses and bacteria) with little sugar are highly resistant. 

Also, a single species or individual plant may increase the sugar content 
of its tissue without any increase of hardiness, as shown in the following 
results. 

An experiment of our own with a tender type of plant may be mentioned 
first. Sunflower plants were grown in the greenhouse for 90 days. The 
osmotic pressure was low at first (10.6 atm.), later increased (12.4 atm.), 
and finally, as the flower bud formed, reached its peak (14.3 atm.). Yet 
neither this increase in osmotic pressure, nor exposure to low temperature, 
enabled them to assume any frost resistance. The plant is tender at all 
stages. 

Artificial increase of sugar concentration does not produce hardening, 
even in plants which are capable of it. Dextbb (6) showed that when cut 
leaves of cabbage were set in sugar solution, the osmotic pressure of their 
cells increased considerably but their frost resistance was not appreciably 
altered. Kessleb (22) obtained similar results, using evergreen plants and 
glycerine solutions. 

From the discussion of osmotic pressure in a previous section, it appears 
that a correlation between sugar concentration and hardiness is common, but 
we see from the above that plants may be hardy without high sugar content, 
and also that increase of sugars apart from other change affords no protec- 
tion beyond its osmotic effect. 

Changes in the pbotoplasm 

On the theory that death results from dehydration of the protoplasm, 
the defense mechanism might be either an increase of resistance to the 
process of dehydration or a decrease of sensitivity to its effects. We shall 
call these protoplasmic properties hydrophily, and stability, respectively. 

(a) Hydbophilt. — ^Protoplasm being surrounded by a semi-permeable 
membrane, its attraction for water is osmotic, but osmotic pressure in turn 
may be profoundly affected by binding of water on its colloids. This latter 
phenomenon has been investigated mainly on extracted juice, involving 
coagulation of the protoplasm, which may obscure any change in the hy- 
drophily of the colloids produced by hardening. Even negative results, 
therefore, would not disprove the h3^othesis that hardening is associated 
with greater hydrophily of the protoplasm. The question can be settled 
only to ft study of living cells, and we have attempted this in two ways : 
(1) W comparing the average volume occupied by the protoplasm in hard- 
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ened and nnhardened tissue; and (2) by estimating the bound water from 
variation of non-solvent space in relation to degree of plasmolysis. 

(1) Comparison of the average volume occupied hy the protoplasm i/n 
hardened and unhardened tissue . — Since the total pressure of the proto- 
plasm, in whatever ratio.it is divided between swelling pressure and osmotic 
pressure, must equal the total pressure in the vacuole, an increase in the 
hydrophily of the protoplasm must result in transfer of water from the 
vacuole into it until equilibrium is again established. An increase in the 
volume of the cytoplasmic layer would be the visible result. Of course, 
changes in the osmotic pressure of the sap must be taken into account, but, 
allowing for this, measurement of the thickness of the cytoplasm before and 
after hardening should help to settle the problem of whether its hydrophily 
changes or not. 

We first attempted to make the measurements of the protoplasmic caps 
in epidermal cells of bulb scales of Allium cepa which does not form starch. 
The result, if there were no complications, pointed to a decrease of hydro- 
phily in the protoplasm on hardening (tables I and II). 

TABLE I 

Total oboss-seotiomal abea (sq. of both peotoplasu caps (average of 10 cells) 
From plahiueter measurements of camera lucida drawimgs 


Onion no. 

Days at 25* C, 

(TPRBVIOUS TO 
HARDENING) 

IJnhaedened 

Hardened 

Change 

1 

7 

300 

306 

+ 6 

2 

t ( 

303 

281 

~ 22 

3 

14 

376 

338 

- 38 

5 1 

( ( 

477 

370 

-107 


28 

376 

314 

- 62 


Average, - 46 


TABLE II 

Comparison of 10-cbll samples 


Onion no. 

Sample a 

Sample b 

Diysrgenoe 

1 

309 

319 

10 

2 

370 

389 

19 

3 

284 

296 

12 


Average, 14 
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The volume of such caps, however, is affected by other factors than 
volume of the whole cytoplasm — ^factors such as surface tension of the 
vacuole, and vacuolar contractiom The result is therefore indecisive. 

More satisfactory determinations of volume were made on the cortical 
cells of apple twigs. These cells possess very bulky protoplasm, occupying 
about half the cross-sectional area of each cell. They contain no starch in 
the hardened state, but an abundance of it when in the naturally unhardened 
condition. Artificial dehardening of branches taken into the laboratory, 
however, is accomplished before any starch appears, and it was during a 
two-week dehardening period of this kind that the measurements were made. 
The average of four branches shows a practically constant volume of proto- 
plasm during this period of dehardening (table III). Since osmotic pres- 
sure feU during the same time from 25.5 to 19 atm. — about 25 per cent, 
reduction — ^the pressure in the protoplasm must have fallen pari passu, 
indicating, if due to colloidal change, a slight decrease of hydrophily, or 
conversely a slight increase of hydrophily {though not of hydration) with 
hardening. On the other hand, the change may be purely osmotic. 

TABLE III 

Twigs taken indo<»s Pebeuaet 11, 1935. Each value is the average op 10 cells. 

Areas obtained prom planimeter measurements op camera-lucida drawings 


Time in 
LABORATOEY 

Percentage of cell area occupied by protoplasm 

1 .Alexander 

Wealthy 

Wolf Eiver 

Patten 

Greening 

Average 

days 

% 

% 

% 

% 

% 

0 

47.7 

45.2 

53.1 

47.7 

48.4 

1 

46.3 1 

42.2 

53.0 

57.4 

49.7 

3 

50.5 

46.3 

40.5 

51.7 

49.5 

7 - 

52.6 

53.1 

54.4 

49.6 

51.6 

14 

46.7 

41.3 

50.8 

57.6 

49.1 


Still another comparison was made, using the cortical cells of Catalpa. 
In this case the proportion , of protoplasm was found to decrease definitely 
on dehardening, but the beginnings of growth introduced a complicating 
factor (fig. 2) . 

While these results seem to preclude any very great or general increase 
in protoplasmic volume with hardening, such as the theory of protoplasmic 
resistance to dehydration would demand, they do not reveal how much of 
the increase of osmotic value which does occur is due to colloidal change. 
The next method gives more definite results on this problem. 

(2) Non-solvent space and bound water in the protoplasm. — ^It has 
already been shown that the non-solvent space in hardened cortex cells is 
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larger than in unhardened cells, and that most of the increase occurs in the , 
vacuole. The protoplasm also possesses a large proportion of non-solvent 
space — about 50 per cent, of its volume when in equilibrium with a molar 
dextrose solution, both in hardened and dehardened cells. This is about the 
same proportion as in the vacuole of dehardened cells, but only two-thirds of 
that in the vacuole of hardened cells. 

Since in the results with Catalpa, as shown in figure 2, the volume, both 
of the protoplasm as a whole and of its non-solvent fraction, is greater in 
the hardened cells, it follows that the protoplasmic colloids are more hydro- 
philic. 

But even the absence of an increase in the volume of the protoplasm with 
hardening would not preclude a possible increase of hydration or hydrophilic 
quality, because of the complication that the dry weight of the protoplasm 
may diminish. In absence of photosynthesis, there must be a reserve of 
insoluble material in the cell, which, during the hardening process, is trans- 
formed into osmotically active substance and, since simultaneously with the 
osmotic increase the non-solvent space in the vacuole increases greatly while 
in the protoplasm it shows an increase only when calculated in relation to 
the normal cell volume, the diminution of solids is more likely to be in the 
latter. Commonly, starch is the visible substrate, and that of course is 
^^tored in the plastids; but in the starch-free cells, on which our experiments 
were mostly made, some intermediate reserve carbohydrate or fat may be 
present in a state of dispersion in the cytoplasm also. 

If indeed the protoplasm loses solids to the vacuole, and since its own 
non-solvent space is undiminished or even increased, the bound water ele- 
ment in it must be augmented. In other words, its colloids become more 
hydrophilic. 

On the same condition, since the volume of the whole protoplasm remains 
the same, its total water content must be higher. 

These volume studies are beset with difficulties and cannot be regarded 
as more than preliminary, but at any rate on the whole they support the 
theory of an increase in hydrophily of the protoplasm with hardening. 

(b) Stability. — This property is closely related to the previous one, 
since the resistance of the protoplasm, or any other colloidal system, to pre- 
cipitation or salting out, depends largely on the hydrophily of its least stable 
elements. But an increase in the hydrophilic property of a portion of the 
solid phase of the protoplasm would not be reflected in a proportional in- 
crease in that of the protoplasm as a whole ; so that a great increase in proto- 
plasmic stability may attend only a slight increase in its attraction for water, 
as estimated by the methods described in the previous section. Also, there 
are probably factors other than hydrophily concerned in such a complex 
phenomenon as coagulation of protoplasm. 



64 


PLANT PHYSIOLOGY 


As a possible clue to the relative stability' of protoplasm in the hardened 
and unhardened state, respectively, we may compare its resistance to other 
coagulation agents than frost. The action of acid and of heat was tried. 
Hardened and unhardened cabbage plants were exposed together to vapor 
of a 7.5 per cent, and also of a 10 per cent, solution of acetic acid for 5 hours. 
All of the plants suffered, but parts of them remained alive. Hardened and 
unhardened suffered alike. 

The heat test was made by dipping leaves into water at 60® C. long 
enough to produce partial killing. Again the result was the same in 
hardened and unhardened plants. There is no indication here, therefore, of 
protoplasm becoming less sensitive to coagulating agents in general as a 
result of hardening. 

Habvey, who is the author of the theory of greater protein stability, 
bases his hypothesis on tests with expressed juice. He found (17) that 
when the juice of hardened and unhardened cabbage leaves was frozen and, 
centrifuged, chemical analysis revealed that the precipitation of proteins 
was greater in the latter. Mudra (34) obtained the same result with other 
plants. Harvey also found a greater percentage of soluble amino acids in 
hardened juice, though Newton et al. (39) regard this as an effect of freez- 
ing rather than of hardening. 

Testing cabbage juice in relation to the H-ion effect, we obtain the con- 
trary result as regards stability. To a series of tubes each containing 10 cc. 
of tissue extract, various concentrations of 0.1 N HCl were added. The 
region of complete precipitation was from pH 3.9 to pH 4.4 in the case of 
both hardened and unhardened plants. On either side of this zone is a 
region of incomplete precipitation, the limits of which are pH 5.2 and pH 
3.9 in the unhardened, whereas in the hardened plants they extend to pH 5.4 
and pH 3.5. Beyond this zone there is little or no precipitation on either 
acid or alkaline side. The wider pH zone of precipitation in the juice of 
hardened plants would point to a poorer stability of their colloids. This 
experiment goes to offset results from which a more hydrophilic quality of 
the juice colloids has beeiai inferred. But of course juice is not protoplasm ! 

Changes in the colloidal stability of a hydrophilic sol are often paralleled 
by changes in viscosity, since viseopity is directly and profoundly influenced 
by the hydration of the internal phase. But the so-called viscosity of proto- 
plasm, as it is measured, is rarely true viscosity, and is influenced by aggre- 
gation as well as hydration of particles. Viscosity tests and their signifi- 
cance are reserved for a later section of this paper. 

Certain facts are at variance with any theory of injury through dehy- 
dration; for example, the experience that drought-resistant plants are not 
always frost-resistant, and the finding of Iljin that cells of plants which are 
sensitive both to light frost and to wilting may survive extreme and pro- 
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longed desiccation, when this is produced by plasmolysis alone or plasmolysis 
followed by drying. These phenomena point to mechanical factors as the 
immediate cause of death, both in freezing and wilting, though not exactly 
the same in the two cases. Moreover, the most conspicuous of the changes 
so far described — ^those producing reduction in ice formation — are as appli- 
cable to a theory of mechanical as to one of dehydration injury. 

III. Resistance to mechanical effects of freezing and thawing 

Theories of mechanical injury may be subdivided into two sets: one 
which ascribes the effect to pressure of ice crystals, and the other to stress 
set up by displacement of water. In the former case the fatal period will 
be that of freezing ; in the latter it may be either freezing or thawing. An 
advantage in the study of mechanical as compared with physico-chemical 
action is that it can be followed microscopically. 

Injury through pressure of ice 

The view that frost injury is mechanical dates far back. Duhamel and 
Buppon (11) postulated that ice forming inside a cell ruptured the wall by 
expansion. Prom direct observation, however, it was proved by Goppert 
(12) that the walls are not ruptured, and by Sachs (43), Molisch (33) and 
others that normally ice forms in the intercellular spaces. Later it was 
shown that with rapid freezing intracellular development of ice does occur 
(Muller-Thurgau, 36; Molisc^h, 33). This condition is generally fatal to 
plant cells (Akerman, 1; Chambers and Hale, 3), whereas some animal 
tissues are said to be less injured by quick than by slow freezing, because 
the smaller crystals produce less destruction of the tissue. In plant cells, 
if the vacuole freezes, the compression of the protoplasm between it and the 
wall, especially if there is a hull of ice outside (Iljin, 19), is probably suffi- 
cient to cause death, even if the protoplasm itself resists freezing. But 
opinions differ as to the exertion of mechanical pressure by ordinary inter- 
cellular ice. Maximov is a leading upholder of the theory that pressure 
of the ice crystals on the cells induces coagulation of the protoplasm, and 
he couples with it the suggestion that mere contact of the ice phase with the 
plasma membrane may be fatal. On the other hand, Schander and Schapp- 
NiT (46), followed by Iljin, argue that the ice crystals grow into the inter- 
cellular spaces and neither press upon the cells nor even touch the proto- 
plasm. Iljin points out that copious intercellular space in a plant is no 
protection against frost. Yet it has long been known that cells and tissues 
may be torn apart by the growth of relatively large ice masses (Ppepfer, 41) , 
and Wiegand^s observations of frozen buds and twigs indicate that less 
obvious pressure is exerted by crystals of smaller and more ordinary dimen- 
sions. There is lack of proof, however, that this is a general cause of injury. 
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The phenomenon with Maximov first quoted in support of the theory, viz., 
the protective action of external solutions (which reduced the amount of 
ice), was shown by Akerman (1) and Iljin (19) to depend mainly on plas- 
molyzing action, and thus pointed the way to an alternative type of mechani- 
cal theory. 

Injury through stress set up by displacement op water 

WiBGAND (47) and others observed that when tissues freeze in the ordi- 
nary way the cells shrink, wall and all, as water is withdrawn. Hollb (18) 
noted the same thing in wilting. This behavior is made possible by liquid 
cohesion within the cell, and adhesion of protoplasm to wall, there being no 
external liquid to cause plasmolysis. In proportion to the rigidity of the 
wall, stresses are set up in the cell by its loss of water, and Iljin observed 
that in drying cells the protoplasm might be ruptured within itself or torn 
from the wall — ^with fatal effect. This he at first regarded as the regular 
cause of injury, whether in frost or drought, because, when the protoplast 
was released from the wall by true plasmolysis, the cells could endure severe 
desiccation and freezing. Later experiments (20) led to a modification of 
his view, with regard to frost injury at least. He found that application 
of solutions after freezing was also an effective protection, and therefore he 
assigned injury to the period of thawing. What happens in thawing, ac- 
cording to his observations, is that the walls first absorb water and lift away 
from the protoplast (pseudoplasmolysis), after which deplasmolysis tends 
to ensue. He avers that, on account of its high viscosity in the dehydrated 
state, the protoplast ruptures if deplasmolysis is rapid. Accordingly he 
argues that the protective function of the solutions bathing the cell is to slow 
down deplasmolysis. Whether Iljin theory is correct in detail or not, it 
draws attention to a type of stress to which cells are exposed, and leads us to 
inquire what kind of changes would enable the cells to avoid mechanical 
injury under these circumstances. 

Hardening changes in relation to mechanical injury 

As already mentioned, some of the changes discussed under dehydration 
injury are just as applicable here. Part of the osmotic increase is almost 
always due to lowering of moisture content which, while it reduces the 
amount of ice and of mechanical injury, is itself a stage in dehydration and 
not a protection against this result. (C/., however, its possible role in super- 
cooling, as described previously.) The binding of water, while actually a 
disadvantage as regards undue concentration of the sap, may be very useful 
against mechanical injury. 

The supposed protective action of sugars has also been invoked by [ 
Maximov in the c^e of protoplasmic coagulation from mechanical causes. 
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But there are certain other properties of the protoplasm which must play 
a part in resistance to mechanical injury such as we have described, and 
which have been neglected almost entirely in studies of the mechanism of 
frost resistance. Such are (a) the permeability and (b) the viscosity of the 
protoplasm. 

(a) Permeability. — In a previous report (Levitt and Soarth, 26) we 
have demonstrated that the permeability of cells for polar compounds in- 
creases remarkably with hardening and that it undergoes a greater change 
and is better correlated with hardiness than any other character, even 
osmotic pressure. Towards apolar non-electrolytes, such as urethane and 
succinimide, there is no measurable change. Towards polar non-electro- 
lytes, such a& urea, thiourea, and glycol, which have relatively small mole- 
cules, there is a general relation between permeability and hardening, but 
the seasonal changes do not always run parallel. Towards an electrolyte 
(KNO3) the variation is still greater and the correlation with hardiness 
much closer. Data regarding water permeability are insufficient to allow 
of an equally general statement, but as far as they go they show the same 
trend as with other polar compounds. Cabbage cells are about twice as 
permeable to water when hardened as when not, and those of woody plants 
show a greater difference. On the membrane theory of permeability we 
draw the general inference that there is a widening of the aqueous pores of 
one or both the protoplasmic membranes of the cell. 

Our results show that the correlation between permeability and hardi- 
ness exists in various types of plants and shows no exceptions. Also the 
relation is independent of the nature of the cause which induced the hardeu- 
ing. Low temperature, drought, checking of growths all increase permeabil- 
ity as well as hardiness. 

To some extent the relation seems to hold even in the vegetative, un- 
hardened phase of life. Thus, highly cold resistant cells, such as those of 
bacteria, mosses, and cortex of woody plants, are at all times and seasons 
unusually permeable to KNO 3 and perhaps to water. 

In view of this widespread association of the two conditions and of the 
fact that a permeability change does not necessarily attend an osmotic 
change and is therefore not simply incidental to the latter, it seems likely 
that there is a direct causal connection between permeability and hardiness. 
This ynll be discussed later. 

(b) Viscosity op protoplasm. — ^If, as Iljin finds, injury may occur 
through tearing of the protoplast in a phase of thawing out, we might expect 
to find protection through an increase of plasticity or reduction of viscosity 
in hardened cells. A comparison of the viscosity of protoplasm in the 
hardened and unhardened state has been made by Kessler (22) , who arrived 
at the conclusion that viscosity increased, not decreased, in hardening. He 
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tested the cells of various plants in summer and winter by the centrifuge as 
well as by the plasmolytic method. The centrifuge method in this case is 
handicapped by the fact that starch is present in the unhardened and absent 
in the hardened condition of plants. From subsidiary experiments with 
darkened plants, Kesslee reached the astonishing conclusion that the specific 
gravity of starch-free plastids is higher than of those with starch — ^in spite 
of the fact that starch is much denser than protoplasm in general, while 
chloroplasts are believed to be rather lipoidal in composition, and were 
actually found by himself to have a tendency to move centripetally in some 
hardened tissue. If Kessler ^s premise as to specific gravity is at fault, his 
result that chloroplasts in unhardened plants are more easily thrown down 
than in hardened is no proof of lower viscosity. 

The ‘‘plasmolysis time’’ test was applicable only to Sempcrvivum among 
the plants tested by Kessler, where it gave a comparable result. Slower 
rounding up in the hardened cells pointed to a greater viscosity — or rather a 
stronger adhesion to the cell wall — ^in the hardened state. The other genera 
used, Hedera and Saxifraga, did not allow comparison, because the proto- 
plast rounded up immediately on plasmolysis. 

In our own work on cold resistance, the attempt was first made to distin- 
guish a viscosity difference by observing Brownian movement. However, 
neither streaming nor any appreciable Brownian movement could be de- 
tected in hardened Catalpa cells. Nevertheless, the plastids and protoplasm 
seemed to be clumped together at the periphery and mostly the ends of the 
cells, perhaps indicating a low viscosity which would allow free play to sur- 
face tension. In the dehardened cells, on the other hand, streaming was 
active and Brownian movement was apparent in the currents. Yet, if the 
dehardened cells were observed immediately after sectioning, no streaming 
and little or no Brownian movement was discernible. The protoplasm 
showed much less peripheral clumping than in the hardened cells. Hard- 
ened and unhardened cabbage cells both exhibited Brownian movement, but 
no difference in the activity could be distinguished. 

Plasmolysis shape was next observed. Sections of hardened and dehard- 
ened Catalpa were placed on a slide in an isotonic solution of CaClg (0.30 
M and 0.18 M, respectively) ’V^hich was allowed to evaporate in the air. At 
the end of four hours the cella were strongly plasmolyzed in both, but the 
shape differed. The hardened cells were well-rounded, the dehardened ones 
were strongly concave, adhering to the wall in many places (fig. 3) . 

In the case of cabbage, sections from hardened and unhardened seedlings 
were placed in twice isotonic dextrose and examined from time to time. 
Though the difference was not so striking as in the case of Catalpa cells, the 
rate of rounding up appeai'ed somewhat more rapid in the hardened cells 
(table IV). 
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Pig. 3. Plasmolysis shape in hardened (A) and dohardened (B) Cafalpa cells in 
isotonic CaOL solutions after evaporation in air for six hours. 

TABLE IV 

Bate or bounding up (^^plasmolysis time”) or unhardened and hardened cabbage 

CELLS IN twice ISOTONIC DEXTROSE. EAc’H AN AVERAGE OP THREE PLANTS 



Non-hardened 

Hardened 

Samples 

J 

OsMono 

PRESSURE 

Plasmolysis 

TIME 

Osmotic 

PRESSURE 

Plasmolysis 

TIME 

1. j 

10.0 

90 

13.6 

60 

2. 1 

30.6 

75 

13.6 

60 


10.3 

82 

13.6 

60 


Rksistan<’E to DEFLASMOLYSis. — ^Another mode of experimentation also 
Rave definite and positive results. Sections of hardened and unhardened eab- 
baRe plants were compared as reRards the ability of the protoplasts to with- 
stand the sti-etehiriR caused by rapid deplasmolysis. The tendency to injury 
from this cause Reuerally increases with viscosity of the protoplasm. 

First the cells were plasmolyzed for 15 to 20 minutes in twice isotonic 
OaCl^ and then transferred to distilled water. To determine the number of 
cells surviviuR deplasmolysis, the sections were once more transferred to the 
pla.smolyzinR solution. The results are presented in table V. 

Tender plants always showed sensitivity to deplasmolysis. Thus. Cordy- 
line petiole cells almost all burst when transferred to distilled water from 
twice isotonic CaCl^. In the case of others (tomato, bean), it was found 
impossible to determine urea permeability, since even this slow deplasrao- 
lysis px’oved fatal. 

Hardened and dehardened Catalpa cells were then tested, but in their 
case more severe treatment was necessary to cause injury. Treatments and 
results are Riven in table VI. 
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TABLE V ‘ 

OOMPARiSOV OF DSPLASMOliTBIS INJURY IN HARDENBD AND UNHARDENED CABBAGE CELLS. 
J'iidMOLYZED IN TWICE ISOTONIC CaCLj; DEPLASMOLYZED IN DISTILLED WATER 


or PLANT 

< 

Osmotic 

PRESSURE 

(M CaCl.) 

Percentage of surviving cells 

In EPIDERMIS AND 

chlorbnchyma 

In pith 

Non-hardened * 

0.16 

trace 

0 

5-day hardened 

0.23 

most 

0 

Non-hardened 

0.17 

few 

0 

10-day hardened 

0.25 

all 

many 


TABLE VI 

OOHPARISON OP DEPLASMOLYSIS INJURY IN HARDENED AND DEHARDENED C AT ALP A CELLS 


Condition of plant 

Time in plasmolyte (min.) 

Number op surviving cells 


(a) Plasmolyzed in 9 parts 2M NaCl: 1 part 2M CaCl., 


Beplasmolyzed in distilled water 

Behardened 

60 

few 

Hardened 

360 

all 


(b) Plasmolyzed IN 3M NaCl. Beplasmolyzed in 


DISTILLED WATER 

Behardened 

15 

none 

Hardened 

15 

almost all 


Further evidence was obtained indicating that this difference in ability 
to withstand deplasmolysis injury is even more marked at low temperatures. 
Thus a much less severe treatment than the above, namely a transfer from 
twice isotonic to half isotonic dextrose, caused no injury to either at room 
temperature. Even at 0° C., this procedure had no harmful effect on 
hardened cells but was fatal to the unhardened, due to the increased viscosity 
in the latter, which was apparently such as to more than counteract the 
decreased protoplasmal stress resulting from the reduced deplasmolysis rate. 

It is thus evident that hfipdened cells are more resistant to the ill effects 
of deplasmolysis than are unhardened cells, and this in spite of the more 
rapid rate in the former. 


Discussion 

Eeviewing the changes said to be associated with hardening, we have seen 
that some are not well established and that no single one is adequate to 
explain the whole phenomena. Our own research on living cells confirms 
the importance of certain changes in the sap and brings to light others in the 
protoplasm. The significance and relative importance of these is difficult 
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to evaluate from lack of knowledge of the exact mode or modes of injury. 
The nature of the protection is inferred mainly from the nature of the 
hardening change. 

A wide range of protection is possible with those changes that reduce 
freezing. Of these, supercooling is not fundamental because hardy tissues 
survive severe freezing; theoretically, supercooling may even be harmful 
by leading to intracellular ice development during the quick freezing which 
follows its breakdown. A rise in osmotic pressure is generally well corre- 
lated with hardiness, but in all true hardening it fails to explain more than a 
fraction of the increased resistance. 

Enhancing the osmotic effect in woody plants is a marked increased in 
‘^non-solvent space in the sap vacuole. Part of this is due to insoluble 
solid — apparently hydrophilic colloid — ^and part to bound water. This 
change causes the osmotic pressure to mount more rapidly as the cell con- 
tracts and sets a higher limit to the minimum volume which can be reached 
through water loss. It is calculated that hardened Catalpa cells lose no 
more water through freezing at the lowest possible temperature than the 
unhardened cells do at only - 6° C. 

The gelatinous condition of the sap in tree cells may serve another pur- 
pose. In ordinary herbaceous plants, intracellular freezing — ^when it 
occurs — ^is located in the sap vacuole. In other words, this is the vulnerable 
part of the cell as regards the invasion of ice, and such invasion is usually 
fatal. But in hard}" tree cells the vacuole is as rich in hydrophilic colloid 
as the protoplasm and probably equally protected from freezing even when 
the eutectic point of the sap is reached. 

Important though these factors may be in resistance to extreme cold, they 
are not the full explanation of hardiiiess. For example, in the non-hardy 
state, tree cells still have much colloid in their sap, but they are then more 
sensitive to frost than hardened cabbage cells which have no colloid and 
about the same osmotic pressure. 

Other changes in the sap have not been shown to be of any great signifi- 
cance. Of those which are supposed to offset the danger of salting out 
through concentration of the sap, a reduction, with hardening, of the total 
electrolytes has so far been proved in one or two cases only and disproved 
in others. Also, in spite of a permeability increase on hardening, there is 
no evidence of exosmosis from the cells in winter time. Moreover, a high 
concentration of salt (KNOg) has been produced inside cells without injury. 
As regards the theory of toxic acidity of the sap, a reduction of H-ion con- 
centration in hardening has been found in several cases, but only to a slight 
degree, while artificial alteration of the acidity of the sap is without effect 
on frost resistance. 

The view that the sugars, which are responsible for most of the osmotic 
change, also exert a specific protection against coagulation of the protoplasm 
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is countered by the fact that increase of sugar may take place naturally or 
be produced artificially without a true hardening effect. 

As regards changes in the protoplasm, a widely held view is that harden- 
ing is accompanied by an increase of hydrophilic colloid and consequently 
of resistance to freezing, to dehydration, and to coagulation. 

In attempting to investigate this problem with living cells, in which alone 
the hydrophilic property of protoplasm is normal, we have seen that in 
cases where the protoplasm does not swell appreciably in hardening, it may 
nevertheless be more hydrated if, as seems probable, its insoluble solids 
diminish. Where swelling does occur the conclusion is more definite. 

Evidence regarding changes in the stability of the protoplasmic colloids 
is not decisive. Contradictory results have been obtained with press juices, 
and with living cells we find that hardening confers no increase of resistance 
to the action of acid or heat, agents which coagulate proteins. 

Altogether, the possibility that frost injury is a physico-chemical effect 
of dehydration is opposed by the fact that tender cells may often be deprived 
of water by other means than frost without ill effect. The alternative is 
mechanical injury. Whatever the precise nature of this injury, the sap 
changes which tend to reduce the amount of freezing ought to afford some 
protection ; but as we have seen these are not enough. 

It would seem that in addition the protoplasm must become more resistant 
to the mechanical action. Apart from the evidence of a possible colloidal 
change, which we have just discussed, proof of two very pronounced proto- 
plasmic changes has been educed in the course of our work, viz,, an increase 
in permeability and what may for convenience be termed a fall of viscosity. , 
Let us see if these two hardening changes can be fitted into a scheme of 
protection against such types of mechanical injury as are known to occur. 
At least three modes of mechanical injury have been recorded by various 
authors from direct observation of cells. 

Intracellular freezing. — Ice formation within the cell has sometimes 
been noted and though confined to the vacuole the result is nearly always 
fatal. The mechanism of injury in this case may be, as Iljin suggests, 
compression of the protoplasm between the freezing and expanding sap on 
the inside and the cell wall or a rigid hull of ice on the outside, or it may 
also be laceration of the vacuolar membrane and other structures by the ice 
crystals. 

At any rate, the condition for internal freezing is that the temperature 
of the cell sap fall below its freezing point. Ice first starts to form on the 
cell walls outside the cells, where it normally grows at the expense of water 
which diffuses from cells. If this keeps pace with the fall of temperature, 
the resulting increase in its ebncentration will prevent the sap from freezing, 
but with a sudden drop of temperature or sudden crystallization as a result 
of supercooling, the rate at which water can pass out of the cell may be the 
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limiting factor in deciding whether or not ice will penetrate. Here, then, is 
a condition when high water permeability may mean safety to the cell. 

Intercellular ice masses. — It is frequently found that when plants 
which are not hardy are exposed to temperatures slightly below freezing 
point, large ice masses develop locally in the tissues. These in their growth 
crush the cells in the neighborhood and may even tear the tissues apart. 
Since the size of crystals is a function of rate of crystallization, macrocrys- 
talline ice is naturally found only when very gradual freezing takes place, 
but the more moderate aggregates which develop under other conditions 
may also caused injury to the cells in contact with them. Conceivably, the 
rate of crystallization may sometimes depend upon the rate at whi(*h water 
can pass out of the cells, so that the higher the cell permeability to water 
the smaller the crystals and the less the danger of injury from pressure. It 
must be admitted, however, that the rate of exosmosis of water from even 
non-hardy cells is such that this hypothesis of protection is less plausible 
than that applied to internal freezing. 

Thawing. — Iljin, backed by his experiments, has revived Sachs^s 
hypothesis of death during thawing. His results cannot controvert the 
finding of many authors that death may o(*cur in freezing, but they do seem 
to prove that with the use of salt or sugar solutions, frozen tissues which are 
still alive may be saved from dying at the stage of thawing out. 

Danger would seem to attend both phases of thawing, namely, pseudo- 
plasmolysis, and deplasmolysis. During the former, as Iljin showed, the 
water released by thawing is taken up by the cell wall faster than by the 
protoplast. The former extends quickly to its normal size, while the latter 
remains contracted for a time. As in true plasmolysis, injury is liable to 
occur here under certain conditions. If the protoplast adheres to the wall 
in places, its plasma membrane tejids to become disorganized through 
stretching, or if the external membrane allows water to pass more freely 
than the vacuolar membrane, the c>i^oplasm swells and becomes vacuolated. 
These mishaps in thawing would be avoided if the permeability of the pro- 
toplast to water approached that of the wall, and if the permeability of the 
tonoplast also ecjualled that of the ectopJast. In other words, increased 
permeability of the protoplasm, and especially of the tonoplast layer, which 
normally seems to be the less permeable (IIofler), would tend to protect 
the cell from mechanical injury of this kind. Wall and protoplast would 
extend together without any pseudoplasmolysis. 

According to Iljin later observations, however, the main damage is 
caused by the rapid stretching iji deplasmolysis. The rate of expansion 
would only be exaggerated by greater permeability to water, but apparently 
a compensating change in the physical properties of the protoplasm is 
another feature of the hardening process. 

The cells become much more resistant to injury by rapid deplasmolysis 
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after true plasmolysis, and we may assume that the same would be the case 
after pseudoplasmolysis in thawing. 

The difference between hardened and unhardened cells in this respect is 
greater at the low temperature at which thawing out occurs than at i*oom 
temperature. It is probably the result of a lower viscosity of the protoplasm 
in hardened plants and also a smaller effect of temperature upon its viscosity. 

Plasmolysis due to freezing. — That cells do plasmolyze sometimes on 
freezing with formation of ice between the wall and the protoplast is a matter 
of observation (e.^., Chambers and Hall, 3), but unlike the previous condi- 
tions cited, the injury here is hypothetical. Injury in ordinary plasmolysis 
is common when the protoplasm is highly viscid and adhering to the wall. 
Low temperature tends to make protoplasm more viscous and hence more 
liable to injury of this type. As we have seen, the behavior of hardened cells 
on plasmolysis is exactly such as to reduce this danger. Another advantage 
of smoother plasmolysis is that strands of protoplasm are less liable to be 
pinched off by the investing ice. 

Colloidal changes in hardening. — The different behavior of hardened 
cells, both in deplasmolysis and plasmolysis, is such as may be explained 
by a lowering of viscosity, either of the protoplasm as a whole or at least 
of its superficial layer. In a visco-elastic material like protoplasm, such a 
change in consistency is due to gel sol transformation rather than the true 
viscosity reduction of a Newtonian liquid. Increased hydration of particles 
which should increase true viscosity may tend towards solation and reduc- 
tion of apparent viscosity. If this should be accompanied by increased 
hydration of the protoplasm en masse, the effect is still more likely to follow. 

These are the colloidal changes which our volumetric experiments and 
other observations have led us to regard as probable. They are also the 
changes which increase of permeability points to — ^as regards the plasma 
membranes at least. 

The chemical nature of the colloids involved does not enter into our 
work, but inasmuch as the osmotic changes are largely produced by carbo- 
hydrate transformation, it is likely that the hydrophilic colloid which occu- 
pies so much of the sap of hardy tree cells belongs to the same category. 
This would explain the simultaneous fluctuation of osmotic and colloid sub- 
stance. The parallel variation of protoplasmic viscosity, and especially 
permeability, suggests that proteins and lipoids undergo the same type of 
change as the carbohydrates. 

The linked series of changes associated with hardiness as we have 
described them may be summarized as follows : 

1. Complicated hydrolytic breakdown of carbohydrates increases the 
osmotic pressure of the cell and also in the hardier plants the non-solvent 
space in the vacuole at the expense of starch and perhaps of other reserves 
held in the cytoplasm. 
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2. Due to similar changes in the protoplasmic colloids, the whole cyto- 
plasm, probably, and the plasmic membranes, almost certainly, become more 
hydrated. 

3. As a consequence of this change, the viscosity of the protoplasm is 
lowered. 

4. Because of the change in the membranes in particular, cell permeabil- 
ity is increased. 

If all of these changes are causally connected one with another, the cor- 
relation of each and all of them with frost resistance would be found, though 
only one might play a part in it. We have theorized as to the possible role 
of each, but a satisfactory demonstration requires more knowledge of the 
mechanisms both of injury and of resistance than we yet possess. 

Summary 

1. Cell changes in hardening are reviewed and theories of the mechanism 

of frost resistance are discussed. The following are features of 
hardened as compared with unhardened cells, according to our own 
results with the plants named : 

Resistance to injury by deplasmolysis is greater. 

Rate of rounding up in plasmolysis is greater (Catalpa, cabbage, 
etc.). 

(Two differences which may point to lower ‘‘ viscosity. 

The relative volume of protoplasm and vacuole changes but 
little if at all (apple cortex, onion). 

Resistance to acid and to heat does not change (cabbage) . 

2. Also the following are features which have been reported in a previous 

paper : 

The osmotic pressure is increased, especially in the hardier 
woody plants (many woody and herbaceous species). 
Non-solvent space (= colloids and bound water), if present in 
measurable amount, increases markedly (Gatalpa and Lirio- 
dendron), but the increase is greater in the vacuole than in the 
protoplasm {Catalpa). 

Non-solvent space is practically absent in cabbage, hardened as 
well as unhardened. 

Permeability to polar compounds increases, and the more the 
increase the hardier the plant (many woody and herbaceous 
species) . 

3. The press juice of hardened cabbage plants shows : 

Precipitation of colloids over a wider zone in the pH scale. 
H-ion concentration slightly lower. 

Buffering capacity unchanged. 

4. Artificial change in the H-ion concentration of the sap in life does 

not affect hardiness (cabbage). 
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5. The most pronounced and unmistakable changes in the protoplasm 
are increased permeability and lowered viscosity; in the vacuole, 
increased osmotic pressure and (in trees) non-solvent space. Ways 
are suggested in which all of these protect the cells against mechan- 
ical injury due to frost. 

McGill Univbbsitt 
Montreal, Canada 
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EFFECT OF LIGHT ON SOLANINE SYNTHESIS 
IN THE POTATO TUBER 

Herbert W. Conner 
(with six figures) 

In 1820 Desposses (16) discovered solanine, a basic substance in juice 
expressed from the berries of Solanum rvigrum. He found (14) it almost 
insoluble in all solvents tried, except alcohol and acids. Six years later 
Baup reported (6) it also to be present in the potato {Solanum tuherosum)^ 
but he found much more in the sprouts than in the tubers. 

The chemical nature of the substance is even yet only partially known. 
ZwENGER and Kind (61) found that it is stable when boiled with potassium 
hydroxide, and that it cannot reduce Fehling’s solution, but (60) that it 
can be hydrolized by strong acids, giving rise to salts of an alkaloid (solani- 
dine) and a solution which is able to reduce Fehling’s solution. Identifica- 
tion of the hydrolytic products has been a gradual achievement of several 
investigators. It appears (24) that a molecule of solanine is composed of 
one molecule each of solanidine, glucose, galactose, and rhamnose ,* and that 
three molecules of water are split out in the formation of the glucoside whose 
constituent groups are linked in the order in which they have been men- 
tioned (36, 49). The empirical formula of solanidine is still a matter of 
disagreement (6, 35, 42, 46, 49), but it is known to be a tertiary base with 
a secondary alcohol group (42, 46). 

The glucoside is interesting for several reasons : 

1. It is the only basic-reacting glucoside known (31).^ 

2. It has the foam-producing and haemolytic properties of saponins, yet 
contains nitrogen. 

3. It frequently occurs in poisonous concentrations in market potatoes. 

4. It is claimed that lesser concentrations increase intestinal absorption 
(28) by precipitating sterols (?). 

5. It is uniquely toxic to conidiospores of Cladosporium fulvum which 
have been raised on glucose agar (1, 41) although spores taken directly from 
infected tomato leaves tolerate it better. 

6. It contains two sugar groups that have not been found free in the 
plant. If the availability of rhamnose or galactose, or both, limits the 
elaboration of solanine then a study of the factors which increase the amount 
of glucoside formed may indirectly contribute to an understanding of how 
monosaccharides, other than glucose, arise. 

1 Since neither solaneine, nor any glucoside of solanthrene has yet been isolated in 
crystalline form, the hypothetical solanine group of glucosides is here referred to as 
* * solanine. * * 
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To determine in what tissue the solanihe is formed and stored, a number 
in the parenchyma and around the fibro-vascular bundles. By allowingr the 
the most commonly employed procedures. Using such a method, Also reports 
(3 ; p. 199) that solanine is found relatively in abundance in active meristems 
of all parts of the plant, and that it disappears from inactive tissues. In 
the tuber he claims that it is 

‘‘particularly localized in the periderm (phellogen), although it is also found 
in the parenchyma and around the fibro-vascular bundles. By allowing the 
tubers to sprout, it is found very diffusive in the sprouts, and it is also 
observed in the pith and in the subepidermal cells of the roots. 

All such color tests involve the use of concentrated sulphuric acid (2), 
usually warmed. Under such conditions solanine is partially hydrolized to 
solanidine. Since solanidine also gives these color reactions, Hansen con- 
cluded that such tests cannot be reliable. Color changes of anthocyanins 
when acid is added offer further complications. 

To minimize these difliculties Brehmer (9) tried preliminary washing 
of cut sections with water, ether, and alcohol. Such a method should reduce 
the troubles from undesired colors, but it also allows leaching out of solanine. 
Hansen tried to measure solanine by its haemolytic activity, but was not 
able to get quantitative results. Fischer (18) showed that the rate of 
haemolysis varies greatly with the change in the acidity of the medium. 
Using buffered blood-gelatin strips a quasi-quantitative micromethod was 
developed by Fischer and Thiele (19) which indicates solanine, as distinct 
from solanidine. They report no solanine in the periderm of the tuber, 
most of it being in the ten outer layers of cells of the storage tissue, but at 
any depth they find more near a sprout than farther away. In the sprouts 
they find both solanidine and solanine in the region outside the cambium, 
but only about J as much solanine and no solanidine in the central portion. 
They conclude that solanidine is first elaborated in an actively growing 
tissue and is later condensed with sugars to form solanine. 

Morgenstern made a notable advance in gravimetric methods (34). 
His procedure involves extraction of a sample of ground tissue with water 
and warming the extract with acetic acid. After the filtrate has been evapo- 
rated to a syrup, hot alcohol is added. The filtrate is then evaporated to 
dryness, and is leached with hot acetic acid water. The filtered solution is 
heated with an excess of ammonium hydroxide. The precipitate is leached 
with hot alcohol, and the filtrate evaporated to dryness. The residue is 
dissolved in hot acetic acid water, and the solanine in the filtrate is precipi- 
tated with ammonium hydroxide and collected on weighed filter paper. 

BSmeb and Mattis hate modified the procedure of Morgenstern some- 
what. They recommend (8) : 
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1. Extracting the ground sample four times with acetic acid water and 
combining the extracts. 

2. Heating the extract with an excess of ammonium hydroxide and 
evaporating to dryness with diatomaceous earth. 

3. Extracting the residue with three or four aliquots of boiling alcohol, 
alternated with repulverizing in a mortar. 

4. Filtering the combined extract and evaporating to dryness. 

3. Dissolving the residue in dilute acid and boiling the solution with an 
excess of ammonium hydroxide. 

0. Filtering off and dissolving in hot alcohol. 

7. Evaporating the filtrate to dryness and dissolving in dilute acid. 

8. Repreeipitaling with hot ammonium hydroxide and collecting on a 
weighed filter paper. 


Analytical considerations 

Gravimetric methods are tedious and involve so many manipulations that 
loss of solanine is almost inevitable, in preparing a white precipitate. In a 
tissue bearing both glucoside and free alkaloid, each will be extracted and 
the weight of the final precipitate will represent the sum of solanine plus 
solanidine,^ Since considerable amounts of the free alkaloid may occur in 
potato tissue (Jorrissen and Grorjean report (26) up to 0.15 per cent, in 
fresh sjirouts), it would seem that a method of analysis would be desirable 
which would distinguish betwecT) the two substances and which would yield 
more accurate results than the blood, gelatin method of Fischer and Thiele. 

In solanine analysis, either hot ethyl alcohol or, more commonly, a dilute 
acid is used for extraction. Precipitation is accomplished by evaporation, 
or by addition of alkali. In these manipulations solanidine and certain 
magnesium and calcium impurities behave similarly to solanine, making 
purification possible only at the expense of loss of the product desired for 
weighing. Weighing introduces further difficulties, for solanine dries to 
constant eight very slowly. (A 5.3544-gm. sample of Merck solanine 
spread in a weighing bottle less than one centimeter deep dried to constant 
weight in an 80° C. oven at one-half atmospheric pressure only after twelve 
weeks. Moisture content 10.0 per cent.) A large number of filtrations is 
objectionable for aqueous solutions which have been made alkaline, since 
excess of alkali, and other factors not completely known, tend to produce 
a colloidal form of solanine which passes through the filter paper, or at 
best to produce a gel which clogs the paper, making each process tedious, 
and often requiring several papers for one filtration. 

To verify this, solanidine was prepared from Merck solanine by hydrolysis with 
2 per cent, hydrochloric acid and decomposition of the crystalline hydrochloride with 
alcoholic potassium hydroxide. The base, recrystallized from ether, was found to be well 
soluble in alcohol and in 0.2 per cent, acetic acid although slowly so at room temperatures. 
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Extractions can be much simplified by allowing acid rather thoroughly 
to leach the ground tissue and then pressing quite dry in a hydraulic press. 
For this purpose a cylinder from an automobile engine, containing two 
piston heads (the upper one bearing a connecting rod and the other cut off 
at the second ring and perforated with several holes on the top) makes a 
satisfactory press cylinder, the pressed material being held in a linen bag 
between the pistons. A portion of the cylinder head provides support for 
the lower piston and drainage for the juice through a sparkplug hole into 
a beaker beneath. By this means it is possible to get out in one leaching 
practically all of the solanine extraetible by the four separate processes of 
the BOmer and Mattis method. 

To simplify the procedure and to avoid estimating solanidine as solanine, 
an attempt was made to estimate the extracted solanine volumetrically', 
obviating the necessity for weighing, and, more important, the necessity for 
eliminating the contaminating compounds whose solubilities are so like that 
of solanine. This is possible where solanine is estimated from the amount 
of sugar which is split off by acid hydrolysis, for none of these contaminants 
affect alkaline cupric ion. Because of the small amounts of sugar available 
in any one analysis, it was found expedient to use a modification of the 
Pavy reagent (36) with methylene blue as an internal indicator (30) to 
sharpen the end point. The alkalinity was increased in order to maintain 
at least one-half normal sodium hydroxide after addition of all the sugar 
solution, as seems advisable from the work of Quisumbing and Thomas (38), 
to keep a high ratio of cuprous oxide to sugar. The new procedure is simple 
and expeditious, save for the first filtration, which may be somewhat slow. 

In the separation of tuberin from solanine, it is necessary that no 
solanine should be hydrolized by heating in dilute acetic acid. In a test of 
this, samples of one-half gram were boiled for one-half hour in 25 cc. of 
0.2 per cent, acetic acid. No appreciable reducing ability developed, a con- 
firmation of the work of Zwenqer and Kind ( 61 ), and of Bomer and 
Mattis (8). Indeed, solanine is unique in the conditions requisite for 
significant hydrolysis. Colombano ( 12 ) claimed no appreciable hydrolysis 
at room temperatures for this concentration of solanine in 2 per cent, hydro- 
chloric acid, even after a month’s standing. The writer finds that after 
standing five months only 23 mg. of ‘‘glucose” appears under these condi- 
tions from a 500-mg. sample. In contrast, heating with 2 per cent, hydro- 
chloric acid gives a fairly complete and rapid hydrolysis. Heidusohka and 
Sieger ( 24 ) find over three-fourths of the solanine hydrolized in one-half 
hour at the boiling point. 


Analytical procedure 

A sample of not much more than one kilogram of fresh tissue is ground 
in a Russwin mill,'and the juice and solid material just covered by 0.2 per 
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cent, acetic acid. After standing for about six hours, the liquid is strained 
through a linen bag, the residue being pressed out in a Carver hydraulic 
press, using a pressure of more than 35 kilograms per square centimeter. 
This expressed fluid is heated on a water bath to precipitate the tuberin, 
filtered through paper pulp, the pulp washed out with a few more cubic 
centimeters of acid, and the filtrate made alkaline by a few drops of 
ammonium hydroxide. This on further warming precipitates the solanine. 
It should be left in the evaporating dish overnight to allow large floes to 
form. These are collected on a filter paper, in a Biichner funnel using 
suction, and washed with a few cubic centimeters of water containing a 
few drops of ammonium hydroxide. The volume of the filtrate is deter- 
mined and the weight of solanine which it contains is computed, using the 
value 25 milligrams per liter (29). 

For estimation, the precipitate is leached through the paper into a 50-ml. 
volumetric flask, by 25 ml. of 2 per cent, hydrochloric acid, and kept at a 
gentle boil on a hot plate for one hour. While hot, 10 ml. of 5 per cent, 
ammonia water is added, and after cooling, the whole is made up to 50 ml. 
with water. The reducing power of the filtered solution is determined by 
copper reduction. 

The copper reagent consists of three grams of copper sulphate penta- 
hydrate dissolved in 600 ml. of concentrated ammonium hydroxide, added 
to 1,000 ml. of Fehling^s B, and the whole made up to 2,000 ml. with water. 
Such a solution shows no auto-reduction on standing. A 10-ml. aliquot is 
raised to boiling in a 300-ml. Erlenmeyer flask, with a drop of 1 per cent, 
aqueous solution of methylene blue. The flask is fitted with a two-holed 
rubber stopper, one hole for steam exit, and the other for the offset tip 
of a burette which is used to run in the sugar solution (the hydrolysate). 
Titration is complete on loss of the red color.® These titration values were 
standardized, using oven-dried samples of Merck solanine. Using the pro- 
portions indicated, at least 15 mg. of solanine should be present in the 
precipitate. Otherwise, the sugar solution formed is such a weak reducing 
agent that a large amount of solution is necessary to complete the titration. 
As it runs into the flask a significant amount of oxygen may also enter. 
Preferably a precipitate should contain less than one-half gram of solanine 
because of the danger that more concentrated hydrolysates may bump during 
the boiling. As shown by figure 1, intermediate values (20-100 milligrams) 
can be determined with greater accuracy. 

Total solanine is obtained by adding the amount precipitated to the 
amount left in the alkaline filtrate, unprecipitated. 

8 The presence of ammonium ion in the sugar solution, added during the boiling, 
avoids one of the difficulties in the Pavy method, namely, precipitation of cuprous oxide 
if boiliug is prolonged enough to drive off too much ammonia before the titration is 
complete. 
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Ml. of liydrolysate equivalent to 10 ml. of copper reagent 
Fig. 1. Copper reduction values of solanine hydrolysates. 


Effect of light on tubers 

Since solanine-rich tubers are frequently green, and since ‘^sunburned’’ 
tubers are uniformly bitter and have an increased solanine content, the 
matter of tuber irradiation has received the attention of several investigators 
(7, 19, 21, 22, 34, 43). Mattis found (7) that the metabolic activity was 
quite significant. .Old tubers in storage showed very little response to 
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irradiation, while fresh tubers, when plowed out and exposed to direct sun- 
light, increased up to more than ten times their previous “solanin” content. 

No investigation has been reported which has considered the relative 
significance of the various wave length bands of sunlight for solanine for- 
mation. Since the initial rise in solanine content commonly precedes visible 
chlorophyll synthesis ( 21 , 22 ) it might be inferred that the former is not 
a consequence of the latter, but any convincing demonstration must involve 
the isolation of a selective radiation as a result of which no greening accom- 
panies solanine elaboration. This paper describes an attempt : 

(1) to increase the solanine content of tubers without chlorophyll elabo- 
ration ; and 

(2) to determine whether under equivalent intensities the wave lengths 
wliich chlorophyll ordinarily utilizes in glucose synthesis are the ones which 
are most effective in solanine synthesis. 

Equipment 

Seven bottomless wooden boxes were constructed, 33 x 33 cm., 18 cm. 
liigh ; the side walls were covered with white lead enamel, a good reflector 
for wave lengths from 0.3 p to well beyond the visible (32 : j). 88 ) . The top of 
each box consisted of a set of four identical Coming glass filters, 16.2 x 16.2 
cm., whose margins were sealed with adhesive tape. An area of approxi- 
mately 850 sq. cm. remained exposed to the radiation of the tungsten lamp 
overhead. These seven filters showed transmission peaks in various parts 
of the spectrum. The transmissions of these glasses were determined over 
the entire wave length range up to 4 p, using a quartz .spectrograph with 
sector attachment for the ultra-violet, a spectrophotometer for the visible, 
and a spectrometer with rock salt prism and thermopile for the infra-red. 

Three additional boxes were prepared of sheet iron, 38 x 48 cm., 30 cm. 
high, with tops which were tight-fitting removable trays 8 cm. deep. The 
bottom of each tray had a rectangular cutout 32 x 42 cm. A sheet of ultra- 
violet transmitting glass was fastened into each tray bottom with pitch. 
A cooling coil of copper tubing, carrying a stream of tap water, was fitted 
just inside the tray wall. The coil and the metal portion of the tray were 
given two dippings in melted paraffin. Care was taken not to let paraffin 
overlap more than about 3 mm. onto the clear portion of the glass. Curved 
false bottoms were placed in each of the three boxes and two of the boxes 
were placed on platforms of unequal height, so that while the three box bot- 
toms were horizontal, they were at sufficiently different heights to keep the 
three false bottoms as portions of one large cylindrical surface of 30-cm. 
radius, whose axis was the tube of an overhead Cooper-llewitt mercury arc in 
Uviol glass, which had to be kept on a downslope for proper operation. 
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TABLE I 

CaARAcTXBisncs or thx ruiTsss euployid wiyh Mazda i^mps 


Filtjbr 

Lamp 

j JEUDUmoN 



Appeoxi- 





Pssio- 

Mean 

THICK- 

MATE 

TEANS- 

Dis- 

Watt- 

Chaeacteb 

Desici<- 

NATION 

NESS 

MISSION 

TANCE 

AGE 

NATION 



LIMITS j 

1 

i 




mm. 


cm. 







53.6 

100 

Visible approximates arti- 

I 






ficial lighting but weak 


91B 

7.62 

0.365-4.2 

57.8 

1000 

in yellow band which 
distinguishes IV from 
V; infra-red intense; 
ultra-violet slight 

Vllf 




24.5 

100 

Visible like sunlight; 

II 

G90A 

5.23 

0.344-4.0 

51.8 

1000 

infra-red considerable ; 
ultra-violet slight 

IX 




29.6 

100 

Visible largely green; 

III 

G124JA 

4.44 

0.356-4.2 

41.2 

1000 

infra-red slight; ultra- 
violet slight 

X 






Visible only red and 







orange; (should be effi- 


G24 

4.27 

0.600-4.1 

33.4 

100 

cient for glucose syn- 
thesis) ; infra-red con- 
siderable; ultra-violet 
absent 

IV 






Visible red, orange, and 







yellow (should be effi- 


G34 

3.96 

0.520-3.6 

44.1 

100 

cient for glucose syn- 
thesis) ; infra-red con- 
siderable; ultra-violet 
absent 

V 



0.460-0.620 

34.0 

1000 

Visible green; infra-red 

VI 

G401CZ 

4.85 

and 



intense; ultra-violet 




1.1-3.6 

23.8 

1000 

absent 

XI 



0.350-0.480 



Visible blue; infra-red 


3^530 

4.75 

and 

27.0 

1000 

slight; ultra-violet 

VII 



1.5-3.6 



relatively intense 



Equal portions of the lamp were partitioned oflE for each filter by sheets of 
tin plate, as shown in figure 2. 

Into one of these trays was placed a 5-cm. layer of an aqueous solution 
containing 290 gm. of NiSO* ■ and 83 gm. CoSO* • THjO per liter. 

The second tray contained a 6-cm, layer of an aqueous solution containing 
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Fig. 2. Mercury are lamp and metal boxes showing the three tray box tops with 
cooling coils and the four sheets of tinplate partitioning the lamp. 


8.8 gm. CUSO 4 511^.0 and 300 ce. of concentrated NH4OH per liter. The 
third tray held a 5-cm. layer of an aqueous solution containing 200 gm. of 
NaNOg per liter. Radiation entering these three boxes had to pass through 
the 5-em. solution layer, the sheet of ultra-violet transmitting glass in the 
bottom of the tray, and in the case of the Cu filter an additional thickness 
of ultra-violet transmitting glass which was used as a cover. The trans- 
missions of these filters was computed from measurements made on the 
solutions and on a sample of the glass, using a quartz spectroscope and a 
photo-electric cell. Figure 3 indicates the wide dissimilarity in opacity of 
these three filters. Although available emission data on the 450-watt Cooper- 
Hewitt arc* was limited to that furnished by Buttolph ( 10 ) for a new lamp, 
it may be concluded that tubers under the - NO^ filter received almost no 
ultra-violet (radiation XIV), tubers under the Cu filter received long wave 
length ultra-violet and short wave length visible light (radiation XIII), 
and that the tubers under the Ni-Co filter received no visible radiation 
but did receive a much more intense exposure to wave lengths of about 0.3 \x 
than in the other two cases. 

The tungsten lamps employed with the Corning glass filters were 
standard, internally frosted, 11 5- volt Mazda type 0 lamps operated at a 
potential of 113 volts (mean of a 100 hr. graphic record). When new, the 
energy distributions of their emissions were approximately as shown in 

* Proviously operated for about 1000 hours. 
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Wave length in microns 

Fig, 3. Transmissions of the filters employed with the mercury arc. 


figure 4. With use the emission decreases, but miich more rapidly at the 
short wave length end of the spectrum. To minimize this error in the 
experiments reported, lamps were used for only 300 hours before replacing 
with new ones over filters which transmitted below 0.45 p. 

For each wave length the intensity of the lamp source was multiplied by 
the percentage transmission of the filter in question, and graplied, using a 
linear scale. Total energy of wave lengths shorter than 0.69 p was read 
from this graph, using a planimeter. Knowing that the total radiation of 
a new 1000-watt lamp was 798 watts, and that of a 300-watt lamp 70.7 watts, 
and knowing that for the lamps used the intensity of the radiation was about 


TABLE II 

Charactkristios op the filters employed with mercury arc lamp 


Filter 

Radiation 

Designation 

Approximate 

transmission 

LIMITS 

Intensity 

MAXIMUM 

Designation 

m-Co 

1 

n 

0.28-0.37 

a 

0.30 and 0.31 

XII 

On 

0.30-0.54 

0.43 

xm 

-NO^ 

0.40-1.0 

0.55 j 

XIV 
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21 per cent, greater than average, for the cone of light within 48® of the 
lamp axis ( 44 : p. 22), it was possible to compute at what distance a lamp 
should be placed in order to have any desired intensity on the far side of an 
interposed glass filter. For computation, the distance from the filament to 
the center of one of the four glass plates was considered to be the average 
distance. 

For radiations I, II, III, IV, V, VI, and VII these distances were made 
such that the energy of wave lengths less than 0,69 getting through a 
glass filter would be 100 microwatts per sq. cm. for normal incidence. This 



m 


,3.fJ.6 7J9/ 2 3 9 

WAVE LENGTH IN MICRONS 
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J 3 S ^ .733/ 


J /f S 3733/ 2 3 9 

WAVE LENGTH IN MICRONS 


Fig. 4, Spectral energy distributions of radiations I, II, III, IV, V, VT, VTI, and 
of the tungsten lamps employed. Tho equal energy areas are shaded. Wave lengths are 
shown on a logarithmic scale in order to make minor differences more apparent in the 
range which is significant for photosynthesis. 


intensity value was chosen quite arbitrarily. The 0.69-p limit was selected as 
approximately the upper limit of glucose and chlorophyll synthesis ( 13 , 87 , 
39 , 40 ). Tubers were placed in a single layer on the floor, covered with a 
filter box, and irradiated from an overhead lamp. Where 1000-watt lamps 
were employed, the reradiation from the glasses made a 21® ±: 2® tempera- 
ture control at the tuber level possible only after installing compressed air 
lines to ventilate the boxes. 

For radiations VII, VIII, IX, X, and XI, the filter boxes were clustered 
on edge about a single 1000-watt lamp. In each box the tubers were held 
in a single layer between two pieces of ^-in. wire mesh, and the box back 
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was covered with a light-tight pan. Two holes were cut through the bottom 
side and one in the top for the insertion of elbow pipe fittings so that ven- 
tilation could be accomplished through a suction manifold to a vacuum 
cleaner without entry of extraneous light. 


T 





Pig. 5. Arrangement of Coming filters for radiations VIT, VITI, IX, X, and XI. 


From the results obtained with the previous irradiations, it seemed desir- 
able to compare radiations which were of equal energy in the short wave 
transmitting band of filter G53C. At the 100-microwatt per sq. cm. inten- 
sity this was impractical for filter G401CZ since its transmission in this 
band (0 35~0 48 p) was so low that it would have to be placed so close to 
the lamp that it would subtend too large an angle at the filament (with 
resultant gross uneven intensities getting through differing portions of the 
filters). Instead, the G401CZ filter was placed at a distance such that the 
lower half of its visible transmission band (below 0.63 p) let through the 
arbitrary intensity of 100 microwatts per sq. cm. 

The angle of incidence of the light rays to the glasses varied from 0® to 
a maximum of about 46® for the closest placed filter. Within this range 
the reflection from glass surfaces is uniform (26 : p. 1572) but the absorption 
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which occurs in the glass increases with the increasing angle of incidence. 
Since the transmission measurements were made only for normal incidence, 
the peaks in figures 4 and 6 should be somewhat more intense than shown. 
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Fig. 6. Spectral energy distributions of radiations VII, VIIT, IX, X, XI. The equal 
energy areas aro shaded. Energy units are the equivalent of four of the energy units 
of figure 4. 


Bliss Triumpli potatoes were used. The dormant^’ tubers were fur- 
nished by the State Agricultural Experiment Station at Spooner, Wisconsin. 
They were dug after sundown, in September, and kept continuously in 
darkness at room temperature for the two weeks prior to irradiation. This 
gave some opportunity for storage metabolism to be approximated. The 
“active’^ tubers, obtained in May from a dealer at New York Mills, Minne- 
sota, were free from dormacy, having been dug by daylight the previous 
September and placed in a cool dark storage bin the same day. They were 
kept in the dark at room temperature for one month, the sprouts off, and 
the tubers irradiated. 


Experimentation 

SXJNBUBNED 

Sunburned” tubers (in which the washing away of soil has exposed 
them on one side to sunlight for an indefinite number of days) were har- 
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vested at maturity of the crop and immediately placed in a dark container. 
After four months’ storage in the dark, the short (l~5-cm.) sprouts were 
removed and the tubers separated into two easily distinguishable portions, 
green and red, in every case cutting toward the center of the tuber from 
the boundary of the green zone. Both samples were intensely bitter. 

Using the method of analysis described in this paper the solanine con- 
tents were found to be as shown in table III. 


TABLE III 

Solanine content or sunburned tubers apter 4 months or storage 


Sample 

Solanine 



Ammonia 



Percentage 

Designation 

Weight 

WATER 

Precipitate 

Total 

CONOEN- 



SOLUBILITY 



TRATION 


gm. 

mg. 

mg. 

mg. 

% 

Red tuber 

1001 

11 

20 

31 

0.0031 

Green tuber 

3015 

9 

24 

33 

0.0032 

1 

Sprouts 

995 

4 

500 

504 

0.0507 

1 


Dormant 

Normal tubers were placed 30 cm. beneath the bare mercury arc lamp 
for a 20-day continuous exposure. Other tubers were exposed to radiations 
I, II, III, IV, V, VI, and VII, in each of which the total energy of wave 
lengths shorter than 0.69 jj was 100 microwatts per sq. cm. 

A titration end point was not obtained for the liydrolisates from the 
precipitates of samples I, II, III, IV, V, VI, and check (indicating less than 
10 mg. of solanine in any precipitate).® While the exact concentration in 
these samples remains uncertain, it is certain that the tubers receiving 
radiation VII contained at least 50 per cent, more solanine than the tubers 
under any of the other Corning filters. The analytical results are given in 
table IV. 


Active 

Normal tubers were continuously exposed for twenty days to radiations 
VII, VIII, TX, X, and XI, in each of which the total energy of wave 
lengths shorter than 0.48 \i was 100 microwatts per sq. cm. Other tubers 
were given twenty days of exposure to radiations XII, XIII, and XIV. 
Table V indicates the results obtained, 

8 However, there is no assurance that any precipitate contains solanine unless the 
titration is complete; the precipitate might be solanidine with calcium and magnesium 
phosphates only. 
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TABLE IV 

SOULNINE CONTENT OF DORMANT TUBERS AFTER 20 DAYS OF CONTINUOUS RATING 


Sample 



Solanine 




Ammonia 



Percent* 

Designation 

Weight 

WATER 

solubility 

Precipitate 

Total 

AGE 

CONCEN- 

TRATION 


gm. 

mg. 

mg. 

mg. 

% 

Baro arc 

437 

25 

22 

47 

0.0108 

Dark (chock) 

276 

5 

<10 

<15 

<0.0026 

I 

601 

7 

<10 

<17 

! <0.0028 

II 

1 543 

4 

! <10 

<14 

1 <0.0026 

Ill 

625 

3 

, <10 

<13 

! <0.0021 

IV 

626 

4 i 

1 <10 

<14 

1 <0.0022 

V 

626 

6 

<10 

<16 

1 <0.0026 

VI 

799 

3 i 

<10 

<13 

<0.0016 

VII 

666 

5 1 

1 

26 

31 

0.0047 


For the tubers under the last three radiations, color distinctions were 
marked. Chlorophyll was absent in XII and XIII, and abundant in XIV. 
Anthocyanin was notable in XII, hardly noticeable in XIII, and not visible 
in XIV. 


TABLE V 

SOLANlNE CONTENT OF ACTIVE TUBERS AFTER 20 DAYS OF CONTINUOUS RAYING 


Sample Solanine 


Designa- 

tion 

Weight 

Ammonia 

WATER 

SOLU- 

BILITY 

Precipi- 

tate 

Total 

Percentage 

conct.ntra- 

TION 

Increase 

OVER 

control 


gm. 

mg. 

mg. 

mg. 

% 

% 

Beginning . ... 

1725 

34 

30 

44 

0.0026 

- 7 

Dark 

1197 

6 

28 

34 

0.0028 

0 

VII 

1132 

13 

48 

59 

0.0052 

+ 86 

VIII 

1096 

1 10 ! 

93 

103 

I 0.0094 

+ 236 

IX 

1128 

1 7 1 

96 

103 

0.0091 

+ 225 

X 

1061 

6 

36 

22 

1 0.0021 

- 25 

XI 

1158 

5 

25 

30 

0.0026 

— 7 

XII 

1148 

10 

76 

86 

0.0076 

+ 171 

XIII 

1135 

13 

34 

47 

0.0041 

+ 46 

XIV 

1197 

13 

33 

46 

0.0038 

+ 36 


Discussion 

The concentrations reported here (by the volumetric method) are in 
general much lower than those obtained by gravimetric estimation of 



94 


PLANT PHYSIOLOGT 


“Solanin” (including solanidine) (7, 33, 34). B3hhe has reported that 
the normal content of potatoes (not sunburned) may be as much as 0.015 
per cent., five times the amount found by the writer in very bitter, sun- 
burned tubers, but Bohme has reported other normal tubers with concen- 
trations as low as 0.0020 per cent. Qobtneb (20: p. 466) gives an average 
value for normal tubers of 0.0024 per cent., which agrees well with the 
< 0.0026 per cent., 0.0026 per cent., and 0.0028 per cent, values obtained by 
the volumetric method. 

Perhaps more work has been done on anthocyanin formation than on 
any other type of glucoside synthesis which is induced by radiation. In a 
recent summary of the field Arthur (4 : p. 1116) concludes : 

“There is a general agreement among various investigators that the blue- 
violet and often the ultra-violet regions of sunlight are especially effective 
in anthocyanin production.” 

Since radiation XII was so much more effective than more intense radiations 
XIII and XrV, it may be concluded that the ultra-violet band is of more 
consequence than the blue-violet in the production of potato anthocyanin. 

A comparison of qualitatively different light sources by equating total 
energies gives quite a misleading result where the significant radiations are 
only a small portion of the total energy, e.g., the visible radiation of a 
Mazda lamp. This has been a serious error in the studies of Knibp and 
Minder (48) and of Wurmser (13). By equalizing energies below the 
0.69 p limit, a better comparison was possible as to photosynthetie effi- 
ciencies. Greening, and glucose synthesis are most efficient in red-orange 
light (13, 47, 48). Since the most effective increase in solanine oc- 
curred upon irradiation by source VII it seems that a glucose synthesis 
cannot be a necessary intermediate. YII has no red, orange, or short infra- 
red, but neither has VI. YII lacks green, but so also does lY. The unique 
formation of relatively large amounts of solanine under radiation VII would 
not appear to be connected with the omission of any repressant rays, but 
rather with the presence of rays which induce the synthesis. Of the two 
possible bands, blue-violet — ^ultra-violet, and longer infra-red, the latter is 
ruled out since VII is intermediate in intensity between VI and III as 
regards these wave lengths. 

To test whether the short wave band was responsible, the series of 
radiations with active tubers was tried. If short rays are effective, then 
increasing the intensity of I, II, and III to the same level as in this band 
(VIII, IX, and X) should also show increases in solanine content in tubers 
that are metabolically active. Whereas radiations I and II did not produce 
any notable effect on the solanine content of dormant tubers, the same 
sources were much more effective than VII on active tubers when the inten- 



CONNER: SOLANINE SYNTHESIS IN THE POTATO TUBER 


95 


sity was sufficiently greater to give comparable amounts of the short end 
of the spectrum (VIII, IX) . X did not show any increase. Whether green 
rays have a specific effect in the repression of solanine formation, as induced 
by short rays, has not been investigated, but the significance of short rays 
has been confirmed by the results obtained with the mercury arc, XIV 
contained almost no rays shorter than blue ; it induced the least glucoside 
synthesis. XIII consisted of green, blue, and long ultra-violet; it gave 
intermediate effect. XII consisted of ultra-violet only, and was much 
stronger than XIII or XIV below 0.32 p ; it produced the greatest solanine 
increase. Incidentally it induced no chlorophyll formation. 

This study has not been extended to the shorter ultra-violet or to the 
long infra-red beyond the emission limits of the Mazda lamp since such 
radiation probably cannot penetrate ( 11 , 27 , 46 ) to the tissues in which 
solanine is formed ( 19 ). It lumps as ‘‘solanine*’ all substances which pre- 
cipitate out with the true solanine and which have — or which on acid hydro- 
lysis split off — copper reducing groups. Solaneine ( 17 ) and the glucoside 
of solanthrene ( 16 ) are included, if they occur, but so far as now known 
they are closely related to solanine in the metabolism of the tuber and they 
are present only in minor amounts. 

Summary 

1. A new analytical method has been developed for the quantitative esti- 
mation of solanine in the presence of solanidine, based upon the amounts 
of sugars set free on acid hydrolysis. 

2. Upon irradiation by a mercury arc in Uviol or by Mazda lamps, potato 
tubers increased in solanine. This was accompanied by the appearance of 
anthocyanin in the sprouts. 

3. Wave lengths which are efficient for glucose synthesis did not induce 
a significant increase in solanine, but did result in an increase of chlorophyll. 

4. Ultra-violet rays of about 0.3 p are effective for solanine formation but 
not for chlorophyll elaboration. 

The writer wishes to express his gratitude to Dr. W. E. Forsythe for 
computing the emission of the Mazda lamps employed, to the Spooner 
Experiment Station for the tubers studied, to Dr. F. P. Zscheilb for measur- 
ing the aqueous filters, and to Professor C. A. Shull for extending valuable 
suggestions and criticism. 

The University of Chicago 
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METHODS OF EESEAECH ON THE PHYSICAL PEOPEETIES 

OF PEOTOPLASM^ 

William Seifeiz 
(with five figures) 

Much excellent research has been done "with a test tube and a Bunsen 
burner, but certain problems cannot be successfully attacked without the 
aid of intricate apparatus. It is the latter type of research, in so far as it 
applies to studies on the physical properties of protoplasm, with which this 
report deals. 

Obviously, the first instrument with which the student of protoplasm 
must become familiar is the microscope. It had its beginning in the primi- 
tive use of lenses by the ancients. In the first book devoted exclusively to 
microscopical studies, “Micrographia,” which was written by Hooke in 
1660, his compound microscope is illustrated (fig. 1). 

It is not within the scope of this report to present a detailed description 
of the compound microscope. A knowledge of this instrument is extremely 
useful and it is suggested that the diagrams and descriptions of their opti- 
cal systems appearing in the catalogues of leading microscope manufac- 
turers be studied. 

The microscope has a limit fixed, not by the magnifying power of lenses, 
but by the wave length of light and other factors which determine its resolv- 
ing power. The highest powers of the microscope reveal objects which are 
about 0.1 n (0.0001 millimeter) in size.® Greater magnification could be 
obtained, but it would be of no use, because it would then be impossible to 
distinguish between two particles or lines which are closer together than the 
length of the wave of light used. It is not greater magnification, but 

1 One of the purposes of this conmiittee is to make available those methods of physical 
measurements which have proven useful and have passed their preliminary experimental 
stages. However, all methods should be regarded as steps in the progress of research 
which undoubtedly will be modified and improved from time to time as new facts are 
discovered. Obviously these reports cannot be exhaustive treatments. They are intended 
to point out fundamental principles and include a bibliograpliy which should serve as a 
starting point for those interested in a more comprehensive study. In the present report 
of the physical methods committee, organized for the committee by Dr. Sbifbiz, the 
immediate objective has been to discuss briefly the approved methods and apparatus used 
in determining the physical properties of protoplasm and coll structure. — Earl S. Johns- 
ton, Chairman. 

* = micron = 0.001 millimeter 

m^ = millimicron =: 0.001 micron 
jiH = micromicron = 0.001 millimicron 
k = Angstrom unit = 0.1 millimicron 
^ is often erroneously used for m^. 
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Fig. 1. The microscope of Robert Hooke (1660). 


greater resolving power that is needed. Eesolving power is the capacity of 
a lens to separate one line or point from another lying very close to it. Let 
us take a specific case : A diffraction grating, as used for the formation of 
spectra, may contain 1000 lines to a millimeter. Microscope lenses of the 
highest power easily distinguish these as individual lines clearly separated 
from each other. But if there are two lines where there was but one before, 
then each line will be separated from its neighbor by 0.5 p. It would, in 
this case, be barely possible to distinguish individual lines if the microscope 
lenses and the eye of the observer were of the best. We can go no further 
with direct vision. As a result, efforts to increase the powers of the micro- 
scope have of late been directed toward methods of illumination. 

Illumination 

Two lines of attack on the problem of microscopic illumination have 
heen followed ; either light of other wave lengths is used, or white light is 
applied in different ways. The light, other than composite white light, so 
far most successfully used is ultraviolet. 

The ULTBAVlOIiET MICROSCOPE 

The resolving power of . a lens is proportional to its numerical 
and inversely proimrtional to the wave length of the light used.jjj||jither 
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words, the greater the numerical aperture and the shorter the wave length 
of light, the smaller the structure which can be imaged by the lens. Written 
in the form of an equation : 

Smallest structure visible = . 

numerical aperture 

The average length of a wave of white light is 0.55 \x (5500 A) ; accordingly, 

0 55 

a lens with a numerical aperture of 0.65 will reveal an object or 

0.85 p in size. This means that if the lens is used to examine parallel lines 
0.5 p apart, the image produced would not contain separate lines, the struc- 
ture would not be resolved, and higher magnification would be of no avail. 

The resolving power of a lens increases with the angle at which light 
enters it, and with the refractive index of the medium intervening between 
the lens and the object viewed. The increase due to the angle of the enter- 
ing light is proportional to the sine of i of this angle. If the maximum 
angle at which light can enter is 80°, the sine of i of 80°, or 40°, is 0.64. 
If the medium between lens and object is water with a refractive index of 
1.33, the resolving power will be 33 per cent, greater than if it is air, the 
refractive index of which is 1.00 ; and if the medium is cedar- wood oil with 
a refractive index of 1.51, the resolving power will be 51 per cent, greater 
than in the case of air. Abbe, German optician, introduced the term ‘‘nu- 
merical aperture^’ (abbreviated N.A.) to include both of these factors. 
The numerical aperture is the product of the sine of i the maximum angle 
at which light enters the objective, and the index of refraction of the 
medium between the front lens of the object and the cover glass. To in- 
crease the resolving power of a lens, we can (as the above formula shows) 
decrease the wave length of light, or increase the numerical aperture. The 
latter has been done by lens manufacturers as far as practicable, with 1.6 as 
the upper limit. As the numerical aperture is increased, chromatic and 
spherical corrections are more difiBcult, and the working distance of the lens 
becomes less. We then turn to the possibility of using light of shorter 
wave length. Blue light is shorter than the average (yellow) light of the 
sun. It should, therefore, increase the resolving power of lenses. Ultra- 
violet light, having shorter wave lengths than the blue, should serve the 
purpose still better. For this reason ultraviolet has been used, and the 
method has given rise to the ultraviolet microscope. 

By using ultraviolet light with a wave length of 275 mp, as compared 
with 550 mp, the average wave length of white light, it is possible practi- 
cally to double the resolving power of a lens. The theoretical limit of the 
resolving power of an objective of numerical aperture 1.40, is 0.16 p for a 
<ve length of 450 mp, and 0.13 p for a wave length of 365 mp. This theo- 
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retical value of 0.13 n is only slightly above the lower limit of microscopic 
visibility. An objective of numerical aperture 1.40, with the 365 mp ultra- 
violet spectral line (of mercury) will give 19 per cent, more resolving power 
than the best microscopic system with white light. But there are difSculties. 
Glass is practically opaque to light waves of less than 300 mp, i.e., to ultra- 
violet light; furthermore, such light is invisible to the human eye. The 
first difSculty is overcome by using quartz lenses, and the second by sub- 
stituting the photographic plate for the human eye. 

The ultraviolet microscope was presented to the biological world some 
thirty years ago by Kohler of the Zeiss scientific staff at Jena. The instru- 
ment has a potential resolving power twice that of the best optical systems 
using visible light, which means that it gives twice as much detail as do the 
best lenses with ordinary light. It also gives greater optical differentiation, 
i.e., greater contrast, for example, between the translucent, glass-like parts 
of a cell. It thus obviates the need of staining protoplasm, which is difB- 
cult of accomplishment in living matter. The method was originally in- 
tended for metallographic studies, but in spite of a promising future, little 
outstanding work was done with the ultraviolet microscope. Lucas (14), 
of the Bell Telephone Laboratories in New York, has revived its use. 

Ultraviolet light of a known wave length is obtained by passing light 
from a suitable source, such as a spark between cadmium or magnesium 
electrodes, through a quartz prism which resolves or breaks it up into its 
component wave lengths. Ultraviolet rays of about 275 mp wave lengths 
are selected. As these are invisible, the optical image cannot be seen in the 
ordinary way. It must either be photographed or visualized on a fluores- 
cent screen. The fluorescent screen commonly used is made of uranium 
glass, and is mounted interchangeably with a camera just above the micro- 
scope. Magnifications of 5000 diameters result in sharp brilliant images 
with a degree of resolution surpassing by far that achieved with any other 
known optical system. With such an equipment, Lucas has taken some 
excellent photographs of living cells. 

Any wave length shorter than the average of white light will increase 
the resolving power of a lens. Consequently, light just beyond the visible 
limit of the violet end of the spectrum (the visible spectrum stops at about 
390 mp) should be better than white light, and it retains the advantage of 
white light in passing through glass. Ultraviolet of 365 mp is, therefore, 
used with glass lenses. 

The use of ultraviolet light for photographing living tissues is open to 
criticism because of the harmful effects which it may have on the cells. 
Certain microorganisms are destroyed almost instantly by ultraviolet light; 
others are mildly «xcited, and still others remain normal. 
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Vertioad illumination 

Direct light, i.e., rays coming from below the microscope stage, is the 
time-honored method of illuminating transparent material through the 
microscope. Obviously, opaque material cannot be so viewed, consequently 
it must be illuminated from above. The types of apparatus designed for 
illumination from above are numerous; the following are representative. 
The illuminator of W. A. Beck (fig. 2) is a simple and inexpensive optical 



FiO. 2. The Beck illuminator. Light enters from below, is totally reflected by the 
prism C, and directed down upon the opaque material F. 

system in which light comes from below, enters a circular glass prism from 
the upper silvered surface of which it is totally reflected to the opaque 
material lying in the center on the microscope stage. Similar, and as simple, 
is the ‘^epi-mirror’' of Carl Zeiss; it is part of the ‘‘epi-’’ equipment of Zeiss 
for dark-field illumination by incident light. One of the earliest of vertical 
illuminators is that invented by Silverman (manufactured by Spencer Lens 
Co.) ; instead of a reflector or prism, the light source is directly above the 
material surrounding the objective. Of a like design is the surface illumi- 
nator of Bausch and Lomb. It consists of a ring of electric lights surround- 
ing the objective. Other more expensive devices for vertical illumination are 
the “Ultropak’' of Leitz, and the ‘‘epi-condenser^' of Zeiss. These latter 
instruments use light from a small and concentrated electric source placed 
close to the objective and entering it from above. 

The vertical illuminator is a development of a metallurgical microscope 
which is used to advantage mostly in connection with the observation of 
highly-reflecting surfaces, such as those of polished and etched metals. 
Introduced by the metallurgist, the method has been adopted by the biolo- 
gist (32) who finds it of advantage in studying not only opaque but also 
transparent material by viewing it in another light. 
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Daek-pibid illumination 

When Faraday showed the Boynl Society a suspension of colloidal gold, 
he told them that the solid particles of gold in suspension scattered light 
rays which strike them, so that a brilliant cone of light is produced. Dark- 
field Ulumimtion and the uUrormicroscope^ are based upon this phenome- 
non. Colloidal matter is illuminated laterally against a dark background. 
Microscopically invisible particles thus become visible’^ because of the 
light which they scatter. The direct beam of light from the source of illu- 
mination does not enter the eye of the observer ; only the scattered rays from 
the particles are seen. The colloidal particles thus illuminated appear as 
brilliant spots against a black background. Two main types of lens sys- 
tems are used to give lateral illumination — ^the cumbersome equipment 
known as the ultrormicroscope, and the simple cardioid condenser or dark- 
field illuminator. 

The development of the ultra-microscope is due to the Germans, Sieden- 
TOPP and Zsigmondy. The instrument designed by them is a large and 
expensive apparatus which others have attempted to simplify. This type 
of ultra-microscope is sometimes referred to as the slit microscope, the slit 
being a small aperture corresponding to the hole in the shutter of a dark- 
ened room into which a beam of light enters and illuminates the motes in 
the air. The ultra-microscope consists further of a series of lenses and 
apertures, apart from the microscope proper, which direct a light ray into 
the colloidal material and thus illuminate it laterally. The Tyndall cone 
of a colloidal solution, as seen with the naked eye, is the total effect of the 
scattering of light by many particles, no individual particles being visible. 
In the ultra-microscope the individual particles are “seen’’ as centers of 
bursts of light. Thus viewed, a colloidal solution resembles the Milky Way 
at night, but with every “star” dancing about in active Brownian move- 
ment. 

The simplest way to obtain a dark field with indirect illumination is 
shown in figure 3. Another simple method is the central stop diaphragm 
to be used with an Abbe condenser. It excludes all rays within the field 
of the objective’s aperture. A dark field may also be produced quite easily 
by removing the top part of an Abbe condenser and substituting for it a 
dark-field element. The usual optical system for indirect illumination is 
the dark-field condenser. The same fundamental principles underlie this 
instrument as those of the slit type of ultra-microscope, namely, a black 
background, and indirect illumination. The light, however, enters the con- 
denser from below as in an ordinary microscope. 

There are several types and modifications, such as the cardioid, the para- 
boloid, and the change-over condenser. The first two names indicate the 
nature of the curve of the reflecting surface. The light rays strike and are 
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Fio. 3. A simple arrangement for dark-field illumination. (Prom Bansch and Lomb.) 

reflected by two successive mirrored surfaces which direct and concentrate 
them at a point in the colloidal solution (fig. 4). Thus does the illumi- 
nating beam of light not enter the microscope, only the scattered rays from 
the colloidal particles being visible. The change-over condenser permits 



Pio. 4. The optical system of a cardioid dark-field condenser. 
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going from direct illumination, as in the ordinary microscope, to dark field 
without changing condensers. 

A special dark-field condenser is manufactured by Bausch and Lomb 
which in itself takes the form of a moist chamber; it has been designed for 
work in microdissection. 


The Spiereb lens 

The Spiereb lens (26, 28) , an ingenious development of dark-field illumi- 
nation (o, fig. 5), is based on the principle that a colloidal particle scatters 



Fio. 6. The optical extern of a Spibrer lens : 

0 = objective 

m = Spierer mirror 

1 = lens 

r. r. = reflected rays 

s. r. = scattered rays 
e = cover slip 

f = material 
g = slide 

c=:cardioid condenser 
d = diaphragm 
a = aperture for direct rays 

d. T. = direct rays for Spierer lens 

b = slot for cardioid condenser rays 

e. r. = cardioid condenser rays 

light unevenly, i.e., there, are more rays given off in one direction than in 
any other, namely, from that side which is away from the source of illumi- 
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nation. Degree of visibility of submicroscopic particles thus depends upon 
the angle of the illuminating ray. If a colloidal particle is viewed toward 
the source of illumination instead of at right angles to it, as in the slit 
ultra-microscope, or at 45 degrees to it, as in the dark-field (cardioid) con- 
denser, the observer will then see the maximum amount of scattered light. 
A brighter picture, smaller particles, and a finer structure will conse- 
quently be discernible. In order to accomplish this, Spierbr placed a tiny 
metal (silver, gold, platinum, or aluminum) mirror (m, fig. 5) within an 
oil-immersion objective. This metallic refiector covers but a small part of 
the lens surface. Light comes directly from below, and passes through the 
colloidal matter. It then enters the lens, where it strikes the mirror from 
which it is reflected downward, thus illuminating the particles a second 
time from above. The first illumination is, however, the important one for 
it directs the maximum briUianey of the ellipse (or rather the three-dimen- 
sional ellipsoid) of scattered light into the lens. In the usual dark-field 
condenser a less bright portion of the ellipse enters the objective. 

The presence of a mirror in the lens prevents direct light from entering 
but does not hinder the entrance of scattered light around it. In order that 
only so much direct light shall enter as can be reflected by the mirror, the 
aperture of the iris-diaphragm below the microscope stage must be as small 
as the mirror. The Spierer lens (o, fig. 5) is a dark-field system in itself; 
it may, therefore, be used with an ordinary Abbe condenser if the dia- 
phragm is closed to a pinhole. But it is more convenient to use a special 
cardioid condenser (c, fig. 5) which has a fixed aperture (a, fig. 5) of cor- 
rect size (i.e., as small as the mirror, m, fig. 5). The use of a cardioid 
dark-field condenser adds still another ellipse of scattered light. 

All dark-field methods of illumination depend upon diffraction phe- 
nomena for their usefulness. This is both an advantage and a disadvan- 
tage. The diffraction of light by ultra-microscopic structure makes that 
structure evident but the picture seen may not be an exact duplicate of the 
real one. It may be merely a diffraction image. This is not necessarily, 
nor always, true. One must, therefore, be particularly cautious in inter- 
preting dark-field pictures. One can, however, always be certain that a 
diffraction image at least indicates that structure is there and usually it 
suggests the type of structure, if it is not an exact counterpart. With the 
aid of dark-field illumination, structural features in protoplasm not visible 
with direct light are made evident. Innumerable tiny particles in active 
Brownian movement are to be seen in protoplasm, as well as in the vacuoles 
of cells. Taylor (30) has determined the sign of the electrical charge on 
the ultra-microscopic particles in the protoplasm of a slime-mould; the 
particles were made visible by a cardioid condenser. 
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Ordinary light-field illumination usually shows the protoplasmic sub- 
stratum to be homogeneous. Dark-field (Spiebee) illumination shows this 
apparently optically empty matrix to be a very fine emulsion consisting of 
two phases which have been termed cryptoplasm (hidden), i.e., the opti- 
cally empty background or matrix, and phaneroplasm (visible), i.e., the 
emulsion globules. When once shown to be present by dark field, struc- 
tures such as the fine protoplasmic emulsion can often be found with light 
field. SoABTH (22) has photographed the fine protoplasmic emulsion. 

Tandem and inverted microscopes 

Biologists often try new combinations of lenses, sometimes to the dis- 
traction of the physicist who fails to find any optical reason for the new 
combination. But the biologist finds it works better that way and so goes 
happily on ; thus two microscopes may be used in tandem, the second pick- 
ing up the image of the first. This permits the use of a low-power lens on 
the first microscope and therefore greater working distance between lens 
and object. Greater magnification is obtained through the second micro- 
scope, but the resolving power of the complete system is determined by the 
resolving power of the first objective. 

E. Leitz has designed, at the suggestion of Ghambebs, an inverted 
microscope: the objective occupies a position under the cover glass, while 
the fluid drop lies upon it. This establishes conditions which greatly favor 
the technique of micromanipulation. 

Vision at high speed 

Haevet and Loomis (12) devised a set-up which permits viewing a liv- 
ing cell while it is being centrifuged at high speed. The microscope, of 
course, is stationary. As the material passes under it, a light flashes on 
just for the moment so that one obtains an apparently continuous picture 
made up of many rapid successive exposures precisely as in the cinemato- 
graph. The gradual precipitation of granules due to centrifugal force can 
thus be observed while it is going on. 

The polariscope 

The physical (optical) properties of crystals differ in different direc- 
tions. An object seen through certain crystals (e.g., Iceland spar) appears 
to be double. This is known as double refraction, and is believed to be due 
to the polarization of light. Ordinary light vibrates in all planes extending 
out from the point of propagation, but the vibrations of polarized light are 
restricted to one plane. If a crystal polarizes light, it will allow light 
already polarized to pass through in one plane only, and two crystals will 
permit polarized light to pass through only if their planes of polarization 
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are parallel. If two such crystals are crossed, more or less of the polarized 
light will get through, depending on the angle of rotation. When the 
crossed crystals are at right angles to each other, no light can pass through. 
Such crossed crystals when built for the study of polarized light are known 
as Nicol prisms; mounted in an instrument they constitute a polariscope. 
The presence of double refraction and the polarization of light by crystal- 
line matter may be detected and studied with the polariscope. The two 
prisms, the polarizer and the analyzer, are inserted, the one below the micro- 
scope objective (usually in conjunction with the condenser) and the other 
above the ocular, the crystalline substance being placed between them on 
the microscope stage. Rotating one of the prisms, which is mounted on a 
scale, gives in degrees the angle of the plane of vibration. If the material 
is not crystalline there will be no decrease in light intensity as the Nicol 
prism is rotated. 

By means of the polariscope, chlorophyll within a living cell has been 
found to be crystalline, and as it is fluid, it must be of the nature of a 
liquid crystal. Frey (10) has ascertained the crystalline structure of cellu- 
lose in plant tissues by means of the polariscope, and Bailey and Kerr (2) 
have added to our knowledge of the lamellar structure of cell walls, with a 
series of excellent photographs taken through Nicol prisms. 

It is of fundamental importance to consider the possible crystalline char- 
acter of protoplasm. The polariscope has not shown protoplasm as such to 
be anisotropic, but it has shown striped muscle and contractile tissue in 
general to be so {i,e., not having the same properties in all directions, as is 
true of crystals) . 


Microdissection 

Microdissection and microinjection, with all forms of micromanipula- 
tion, are now included in the term micrurgy. The method, like all scientiflc 
discoveries, developed from primitive manipulative efforts on the part of 
pioneer workers. The flrst satisfactory instruments were constructed by 
Barber (3) and by Schouten (23). Barber built his pipette holder for 
the purpose of isolating single bacteria from cultures. The instrument is 
now replaced by several other types, each of which has its own peculiar ad- 
vantages. The best known instruments which are commercially obtainable 
are the Zeiss-P^terfi (21) and the Leitz-Chambers (6) instruments. The 
Taylor (31) micromanipulator, privately manufactured, was an early de- 
sign built for stability. A recent commercial model is that of Pitz (8), 
manufactured by Bausch and Lomb. A new but as yet little known model 
is that of DE Fonbrune (37). It promises greatly to facilitate microdissec- 
tion technique. It consists of a universal joint which controls three pistons 
operating against air. By means of three tubes, the pressure exerted by 
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the pistons is conveyed to a separate machine where three metal dia- 
phragms, similar to those of aneroid barometers, are forced out or drawn in, 
and thus control, by means of levers, the rod to which the microneedle or 
pipette is clamped. The manipulator operates with remarkable precision, 
being wholly free from lost motion. The independence of operating and 
receiving mechanisms eliminates vibration. The hand of the operator and 
the needle-point move in the same direction and the operator’s hand need 
never leave the one lever with which all movements are performed, db Fon- 
BBUNB has also constructed an instrument for automatically drawing needles 
and pipettes under the microscope lens. In addition he has devised a simple 
method for protecting preparations of living material from dehydration 
without the use of a moist chamber. He simply places the material under 
an oil drop (nujol) either on the upper side of a slide or as a hanging drop. 
The oU is harmless, and lack of air has no ill etfect for some time. Unfor- 
tunately the DE Fonbrune mieromanipulator is not yet commercially 
obtainable. 

It is impossible to say which instrument is the best. The last mentioned 
gives promise of being so, but it has not yet been used by anyone except its 
inventor. Among the others, it is primarily a question of the instrument 
upon which one has learned. The Leitz-Chambers instrument is stable; 
the Zeiss-P^terpi has the greatest freedom of movement. 

Accessories to mieromanipulators are many. The fewer bought the 
better (certain ones sold are worthless). Exceptions are the needle-holders 
of Zeiss and the micropipette equipment of Leitz. Needles are best made 
by the individual investigator, because the type of needle should fit the work 
to be done, and the various types can be made only by hand. However, 
automatic devices such as drawing needles and pipettes are to be had (manu- 
factured by B. Leitz). Microscalpel, microcauter, micromagnet, micro- 
electrode, and microthermoconple are some of the appurtenances to micro- 
manipulation. The construction of each requires a special technique. 

The problems of micrurgy are many, and some have been quite success- 
fully attacked. Certain of them are of interest not only in themselves, but 
have important bearings on related problems, thus the elastic quality of 
protoplasm, ascertained by micromanipulative methods, is of value as an 
indicator (the best we have) of the structure and fundamental nature of 
protoplasm. Other problems which remain untouched, or as yet unsolved 
by this method, are the structure of the chloroplast and of other plastids 
(is the chloroplast a droplet or a sac?), the removal of a chloroplast from 
one cell and its injection into another cell, the reality and nature of spindle 
fibers, the physical properties of the huge, motile, male gametes of cycads, 
and the eternal problem of the outer protoplasmic membrane and the tono- 
plast which is not yet fully elucidated to the satisfaction of all. 
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Electrical properties 

The determination of electrical forces in organisms and cells is a fasci- 
nating study which is as yet in its infancy. These forces reach as high as 
a thousand volts, as, for example, in the ray-fish or electric eel, while that 
existing between the parts of plants, or between one cell and another, is of 
the order of 50 millivolts (0.050 volt). It is toward the measurement of 
these small electrical forces that our attention is here directed. This in- 
volves the use of microelectrodes (16) and a potentiometer circuit with 
amplifiers for greatest accuracy. Circuits for such measurements have been 
used and described by Lund (15) and his coworkers in the determination 
of potentials in trees. 

Electrical investigations on cells and protoplasm require microelectrodes 
controlled by micromanipulative methods. Metal electrodes, even when of 
platinum, are likely to cause disturbances within the protoplasm; agar 
eJectrodes (agar with salt solution in a micropipette) are to be preferred. 
While in this review of methods we are concerned only with apparatus, it 
should be said that extensive work on other forms of potentials, namely, 
oxidation-reduction potentials, has been done with the aid of indicator dyes 
such as are used for pH determinations. 

Cataphoresis studies have yielded some fundamental results on the elec- 
trical properties of living cells. The method involves subjecting suspen- 
sions of cells (or colloidal particles) to a difference in external potential; 
that is to say, the cells are placed in an electric field, and as all suspended 
particles, whether of metallic gold, oil, or living cells, possess an electric 
charge (with few exceptions), and, if free to move, they will migrate. The 
direction of migration is toward the pole of opposite sign to that of the 
charge on the particle. The rate is proportional to a number of factors 
including the potential of the external field and the potential (the inter- 
facial potential) of the particles. These factors are all taken care of in the 
Helmholtz formula for cataphoretic migration (37). With as yet no con- 
vincing evidence to the contrary, it can be definitely stated that all living 
cells are negatively charged when suspended in a solution similar (in re- 
gard to salt concentration and pH) to that in which the cells normally live. 
The interfacial potential of colloidal particles and cells in suspension is of 
the order of 30 to 50 millivolts; settling out (for example, of bacteria) 
occurs at about 11 millivolts. 

The apparatus so far most extensively used in America for cataphoretic 
work is the Northrop-Kunitz (20) model. It consists of a very shallow 
glass chamber open at the two ends to receive the electrolytic solution 
which connects the chamber with two poles of zinc immersed in zinc sul- 
phate. A more recent model is that of Abramson (1) which is less expen- 
sive and has the advantage of rigidity as it is constructed of one piece. The 
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Northrop-Kunitz model is commercially obtainable. The Abramson model 
is as yet only privately made. 

To make simple and relatively crude cataphoretic observations is an easy 
task, but to make accurate measurements is quite another matter. The 
beginner is cautioned against the use of simple types of cataphoretic cham- 
bers which have been offered for sale. They are well-nigh useless and the 
results obtained with them are wholly unreliable. Practically all work pur- 
porting to show that cells are positively charged is due to the use of such, 
or home-made apparatus. Failure to measure pH is sometimes responsible 
for the trouble, for the sign of the charge on many suspended particles can 
be reversed by a change in the pH of the solution. 

Simple comparative and reasonably accurate experiments in catapho- 
resis can be performed without calibrating the instrument, but for exact 
work this must be done. The best method for doing so is that of Abram- 
son (1). 

Work in cataphoresis has yielded some of the most interesting and pos- 
sibly far-reaching results of recent experimentation on the physical proper- 
ties of cells. Only brief reference will be made to this work here, merely 
to call the attention of the student to articles wherein technique as well as 
results are described. Some of the earliest research on the cataphoretic 
migration of colloidal particles and bacteria was done by Freundlich (9) ; 
then followed work by Northrop and Kunitz (20) establishing the critical 
potential of bacteria. Falk (7) correlated the pathogenicitj^ of bacteria 
with their potential. (This work may prove in part erroneous, but it was 
highly suggestive, pointed the way, and may yet be right to a degree.) 
More recent is the important work of Mudd (17) on sperms and bacteria, of 
Abramson (1) on protein-covered quartz particles, and of Moyer (16) on 
latex. The last-mentioned investigation has made a fundamental contribu- 
tion by showing that kinship or species relationship of Euphorbias is re- 
lated to the shape of the mobility curves, and, primarily, to the iso-electric 
points of the latex particles. 


The centrifuge 

The centrifuge has played a part in studies on protoplasm chiefly in 
regard to determinations of viscosity. The first work of this kind was done 
by NSmbo (18). He found that changes in the viscosity of protoplasm 
occur during cell division. In the young dividing cells of the onion, bean, 
etc., resting nuclei are, by centrifuging, thrown against the apocentric cell 
wall, while spiremes and asters remain situated in the center of the cell. 
Metakinetic and t^lophasic figures are only slightly displaced. The most 
easily disturbed slitges of cell division are those coincident with the forma- 
tion of the cell i^all. In other words, the protoplasm of the resting cell 
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preparatory to division is of low consistency ; the protoplasm of the cell in 
mid-mitosis and immediately following is of high consistency, and the proto- 
plasm of the cell in the last stages of division is of minimum consistency. 

Recent developments have resulted in the construction of a small air- 
driven centrifuge which attains the highest speed yet known for centri- 
fuges (6). 

Centrifuging is but one of several ways of determining protoplasmic 
consistency. Other methods are microdissection (24), magnetic properties 
(37), the fall of statoliths (37), plasmolysis (34), and Brownian movement 
(4) . Misunderstandings which have arisen, and a convincing clarification 
of them, have recently been set forth by Fry (11) ; he employed the centri- 
fuge method. 

All determinations of protoplasmic consistency by whatever method in- 
volve a consideration of the important question of the applicability of the 
single constant laws of Newton, Poiseuille, et aL, developed for true solu- 
tions and pure liquids, to systems such as protoplasm, the behavior of which 
is anomalous. The problem is an important one and involves recent rheo- 
logical theories on non-Newtonian fluids (37). Investigations on the vis- 
cosity of protoplasm are many and the bibliography extensive ; these have 
been reviewed by Weber (33) and others (26). 

Photography 

Photographs supply an authentic record of an experimental result. 
Photomicrography is now so highly developed a science and art that a dis- 
cussion of it here would be wholly inadequate. A few remarks of interest 
and perhaps value may, however, be made. The small, x 6 or 9 x 12 cm. 
camera which rests directly upon the microscope tube is very convenient, 
and excellent results can be obtained ; but many workers still prefer to use 
the old-fashioned camera-box swung upon an upright support. The latter 
equipment is certainly the more flexible of the two, but it lacks one very 
convenient attachment of the former — ^the beam-splitter. It is a decided 
advantage to be able to focus through an ocular rather than upon a ground 
glass. Certain new but expensive photographic instruments combine the 
advantages of the old type camera-box and the new microscope camera with 
beam-splitter. The production of good photomicrographs is to a consider- 
able degree dependent upon a correct choice of light filters. These can be 
had in considerable variety. The infrared filler is a recent addition and is 
to be used with special infrared sensitive plates. The photographer must 
try out the various combinations of lights, filters, and negatives suitable for 
his particular material. 

The introduction of cinematography into microscopic work has yielded 
some fascinating results which are of real value to the research worker as 
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well as to the teacher or student. With the aid of moving pictures, details 
in mitosis heretofore unsuspected have heen discovered. (A word of warn- 
ing should be given in regard to the misleading impression created by 
speeding up films ; pictures taken at the rate of one a second or one a minute 
then shown at the rate of 32 a second often give a highly entertaining but 
scientifically inexact impressions.) Motion pictures of tissue-cultures show 
the migration and division of fibroblasts and the movement of chromosomes 
in culture; others illustrate the development of the growing mammalian 
embryo from the one-celled stage to the sixteen-celled stage. Very striking 
are moving pictures taken with dark field. 

For botanists, moving pictures have made their chief contribution in 
such studies as those on the mechanism of conjugation in Spirogyra, and on 
the operation of the animal-trap of Utricularia, These studies have been 
carried out by Lloyd (13). Through them is the method of movement of 
the male gamete in Spirogyra for the first time fully understood (motion is 
by contraction of vacuoles) . A recent application of the cinematograph to 
protoplasmic studies has involved photographing protoplasmic streaming. 
Streaming protoplasm is always fascinating to watch, and becomes even 
more so when seen on the screen. But the method has a practical applica- 
tion ; events which take place but once and too hurriedly to permit careful 
observation can be seen again and again if they have been photographed as 
moving pictures and are then shown at slow speed. The equipment neces- 
sary for taking moving pictures can be expensive but need not be. An 
essential feature is the beam-splitter so that material may be seen while it is 
being photographed. Other than this, any type of amateur camera for 
cinematography is all that is needed. The 8-mm. film is fairly satisfactory, 
but better results are to be had with the 16-mm. or professional 32-mm. 
film. The saving in cost of the 16-mm. over that of the 32-mm. film is to be 
considered in regard to the film, camera, and projector. Perhaps in no 
other way can an idea of the perpetual activity of protoplasm be so dra- 
matically conveyed as through a moving picture of the streaming proto- 
plasm of myxomycetes. 
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EFFECTS OF X-RAYS ON ZEA MAYS 


Maey a. Bussell 
(with eight figures) 

Introduction 

Since the discovery of x-rays, their effects on both plants and animals 
have been studied as important biological problems. Many reports of early 
work are conflicting because quantitative results have been possible only in 
recent years, after methods of accurately measuring the dosage were per- 
fected. 

In the study of many general problems, plants are ideal material because 
of the large numbers which can be used and the ease with which environ- 
mental conditions can be modified or kept constant as occasion demands. 
Samples can be taken for cytological studies as the experiment progresses 
without detracting from the final results. Numerous reports on plant ex- 
periments have come from hospital laboratories where the work has been 
done with the conviction that many of the results will be applicable to prob- 
lems of animal x-ray technique. 

The work reported here was started for the purpose of finding out how 
Zea mays would react to x-ray treatment in various aspects of its growth and 
appearance, in order to use it eventually as a test material for studying effects 
of irradiation as they might be influenced by changing environmental condi- 
tions. Zea mays has been used occasionally for special radiation problems. 
Stabler (14) found it valuable for studies of mutations produced by x-rays 
because its genes had been more thoroughly mapped than those of many other 
plants. Bersa (2) reported Zea mays to be relatively more resistant to 
irradiation than many plants which he tested. He used it extensively for 
cytological examination of irradiated root tips. 

Materials and methods 

The source of radiation was a standard air-cooled Coolidge tube. A con- 
stant potential of 180 kv. was used and the filament current was maintained 
at 3.7 ma. The distance from the center of the target to the material to be 
irradiated was 30 cm. The only filters were the heavy pyrex glass of the tube 
and the paper over the seedlings. The actual strength of the x-rays used 
was measured during radiation by the usual ionization-galvanometer ar- 
rangement, the ionization chamber having been calibrated previously with a 
standard chamber as described by Taylor and Singer (17). The calibra- 
tion of the apparatus gave a factor of 1.7 r units per centimeter of deflection 
of the galvanometer. Thus at a deflection of 15 cm. for 40 minutes, the dose 
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would be 1.7 x 15 x 40 or 1020 r. The Roentgen unit or was defined at 
the Second International Congress of Radiology in 1928 as follows : . the 

quantity of radiation which, when the secondary electrons are fully utilized 
and the wall effect of the chamber is avoided, produces in one cubic cm. of 
atmospheric air at 0® C. and 76 cm. mercury pressure such a degree of con- 
ductivity that one electrostatic unit of charge is measured at saturation cur- 
rent^' ( 16 ). 

Improved Golden Dent field corn was used in all experiments. The dry 
grains were planted between layers of moist paper toweling in glass chambers 
placed in a dark incubator at 24® C. After 72 hours most of the primary 
roots were slightly more than 1 cm. long. The grain was always placed in 
the germinating chamber in the evening at about the same hour in order to 
avoid differences in sensitivity due to possible natural mitotic rhythm. These 
precautions were also for the purpose of obtaining an equal degree of hydra- 
tion in, all experiments. 

Seedlings were selected which had fairly straight roots 10 to 15 mm. long. 
A spot of India ink was placed exactly 10 mm. from the tip of each root 
and all future measurements were made from this point. In most experi- 
ments 20 seedlings were used in each group. The plants to be treated were 
individually placed on damp filter paper over the bottoms of glass dishes. 
The side of the grain where the shoot was about to emerge was always placed 
up in order that all of the embryos might be equally exposed to the x-rays. 
The dishes were closely covered with three layers of moist Scott Tissue towel- 
ing to prevent evaporation from the seedlings during radiation. The con- 
trols were kept imder the same conditions outside of the x-ray apparatus. 

Immediately after treatment the seedlings were placed either in pots of 
damp earth for observation in the greenhouse or in jars of loosely packed 
sphagnum to be put into the incubators for root study. The irradiated 
plants grown in soil had the normal greenhouse conditions of light and tem- 
perature. A large number of pots were prepared at one time with the same 
lot of soil to insure uniformity of nutrition. 

Results 

Effect of x-rays on aerial parts of Zea mays 

The following observations were made on a typical series raised in the 
greenhouse. Groups of 12 seedlings each received doses varying from 100 to 
5000 r. Up to the fifth day there was no difference in the heights of the shoots 
of the different groups, but on the fourth day close inspection showed that 
there was a delay in the bursting of the sheath or coleoptile in the heavily 
irradiated plants. The number in each group with the shoots visible at this 
time was as follows : controls, 11 ; 100 r, 7 ; 200 r, 8 ; 1200 r, 1 ; 1600 r and 
above, 0. On the sixth day all of the controls, 100, and 200 r groups had 
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burst the sheath as had also about 50 per cent, of the plants of the more 
heavily irradiated groups. 

Measurements made 8 days after irradiation showed that all growth of 
the sheath had stopped both in the control and in all of the treated groups. 
The following figures indicate that the net growth of the sheath was not 
retarded by irradiation : average height of control, 22 mm. ; irradiated with 
800 r, 25 mm. ; and 2000 r, 23 mm. 

From the sixth day, the growth in height of the plants receiving doses 
of 1200 r and higher fell behind that of the controls. The upper limit of the 
amount of radiation which allows the majority of seedlings to unfold the first 
leaf was about 1200 r. When a dose of 800 r was applied, the growth rate 
during the first month was equal to that of the controls when only the height 
of the shoots was considered. When part of this 800 r group was removed 
from the soil and measurements made 12 days after irradiation, the roots had 
an average length of 207 mm. as compared with 238 mm. for the controls. 
After three months the tops of the remainder of the 800 r group were about 
two-thirds of the height of the controls. This may mean that in the case of 
the shoots there was a very long latent period before the effects of irradiation 
could be observed. On the other hand, it is possible that this later dwarfing 
was caused by lack of root development owing to x-ray injury, rather than a 
direct effect of irradiation on the tops themselves. After a dose of 1200 r, 
most of the seedlings died in two weeks, having grown little more than the 
group which received 2000 r, while the survivors, a quarter of the whole 
number, grew as well as the plants in the 800 r groups. At a dose of 1200 r 
the individual sensitivity seemed most apparent. The individuals in the 
groups receiving doses between 1400 and 5000 r showed little variation, 
either in length of roots, which averaged 54 mm. at death, or in height of 
shoots, which averaged 45 mm. at that time. 

The leaves of plants which received a dose of 200 r and more showed many 
small areas of yellowish green between patches of normal color. Up to 400 r, 
the first three leaves were the only ones showing this chlorotic disturbance. 
With higher doses, which still allowed fairly normal growth of tops, a much 
longer time elapsed before normally colored leaves were produced. With 
very high doses the occasional plants which were able to produce one leaf, 
were decidedly yellow with very small areas of normal green color. 

Leaves in the 800 r group, which were of normal length, showed a 
peculiar twisting and curling in some cases. The edges of the leaf were 
slightly inrolled and tended to move toward the under side. This condition 
persisted throughout the three months of the experiment. 

Special root studies 

The seedlings grown in sphagnum were used for observations of the 
behavior of roots after irradiation. Tests showed that the plants could be 
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carefully removed from the jars twice a day without affecting the rate of 
growth. It can be seen from table I that the final length attained by roots 

TABLE I 

Root length attained in sphagnum after killing doses of x*rays 


Temperature 

Dose in r units 

Hours after 
treatment 

AV. LENGTH 



hr . 

mm . 

22 

10,000 

77 

32 

if 

7,000 

77 

28 

a 

6,000 

77 

31 

ft 

5,000 

63 

34 

tf 

4,000 

63 

31 

tf 

3,000 

60 

43 . 

29 

3,000 

50 

41 

24 

2,500 

68 1 

53 

17-21 

2,000 

134 

51 

22 

2,000 

90 

52 

24 

2,000 

70 

50 

24 

. 2,000 ! 

94 

62 

24 

2,000 

85 

51 

29 

2,000 

40 

52 

35 

2,000 

45 

44 

36 

2,000 

42 

47 

36 

2,000 

43 

41 


after receiving doses of 4000 to 10,000 r shows great uniformity. The 
growth curves are also practically identical throughout this range. A dose 
of 4000 r would then appear to be near the limit beyond which further 
irradiation could be expected to have no observable effect, at least under these 
experimental conditions. As the dose is reduced below 4000 r there is a 
fairly regular increase in the rate of growth of the primary root after irradia- 
tion. Doses below 150 r produce no measurable differences between such 
treated seedlings and their controls when primary roots alone are tested. 

A study was made to determine the smallest dose that would consistently 
produce a measurable difference between such treated seedlings and their 
controls. Preliminary observations showed that the rootlets growing later- 
ally from the primary roots are the parts of the plant which first exhibit 
visible evidence of x-ray injury, although these rootlets cannot be seen at the 
time of irradiation. It has been found (table III) that, in all experiments 
at a given temperature, the time required for lateral roots to appear on 
normal seedling is remarkably constant. Table II shows that the time 
between irradiation and the first appearance of lateral roots steadily increases 
with the dose from 75 to 1500 r, which is near the upper limit of the amount 
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TABLE II 

Time op appeaeancb and position op lateral boots when grown at 24® C. after x-ray 

TREATMENT 


Appearance in at least 33% 

Av. length op 

OP CASES 

PRIMARY ROOT 


Dose in r 
UNITS 


AV. DISTANCE OP 
FIRST ROOTLET 
PROM SEED 
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of irradiation that allows a few lateral roots to be formed on most of the 
seedlings. 

Figure 1 shows that the growth rate of the primary roots treated with 75 r 
was identical with that of the controls, but the lateral roots in this irradiated 
group appeared 16 hours later than those of the controls. It has been stated 
above that 150 r was the smallest dose that could be depended upon to check 
the growth of the primary root in most of the corn seedlings. 

Control seedlings grew at an increasing rate as the temperature was 
raised from 17® to 36° 0. In these plants the lateral roots tended to emerge 
when the primary root was about 100 mm. long, irrespective of the time 
required to reach that length at various temperatures. Table III shows that 


TABLE III 

Time or appearance or rootlets on controls at DirrBRENT temperatures 


Temperature 

Time of appearance op 

ROOTLETS 

AV. LENGTH OF MAIN BOOTS 


hr. 

hr. 

mm. 

mm. 



(mean) 


(mean) 

37-39 

39 

39 

112 

112 

36 

38 


106 


36 

36 

37 

82 

94 

35 

44 


73 


35 1 

40 


129 


35 1 

36 1 

40 

115 

104 

29 I 

40 

i 

95 

1 

29 

36 


91 


29 

43 


104 


29 

39 


108 


29 

47 


104 


29 

45 

42 

96 

98 

24 

63 


90 ' 


24 

68 


99 1 


24 

67 

66 1 

119 

103 

22-24 

96 


122 ! 


22 

97 

96.5 1 

122 i 

1 

122 

i 


with increasing temperatures the time required for the appearance of lateral 
roots decreases, while the length of the primary root at this time is very 
constant. For instance, in a group raised at 22° C., after the usual germina- 
tion period at 24° C., the lateral roots appeared 97 hours after the first 
measurement. In another group raised at 35° C. the rootlets appeared after 
48 hours, the average length of the primary roots being the same in each 
case. Figure 2 shows the very regular rate of decrease in time necessary for 
the appearance of rootlets as the temperature increases. 
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TEMPERATURE IN DECREES C 

Fio. 2, Effect of increase m temperature on time required for appearance of secon- 
dary roots on seedlings of Xea may6. 

Careful examination of the control seedlings showed that the rootlets first 
appeared on the primary root immediately below the grain in all cases, no 
matter how long their appearance was delayed by cold and the slow growth 



Fto. 8. Section showing abnormal growth of secondary root after an x>raT dose of 
1500 r. 
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accompanying it. It can be seen froin column VI of table II that, when 
doses of 300 r and more were used, the average distance of the first lateral 
root from the grain increased from 6 mm. to 31 mm. after a dose of 1500 r. 
The roots grown in soil showed this same type of behavior after irradiation. 
With the higher doses the primary root had only a tassel of rootlets very close 
to its tip. Histological sections made from roots which had received a dose 
of 1500 r showed primordia of lateral roots in the region just above the level 
where rootlets were growing out in a normal manner. In some cases these 
primordial rootlets were subnormal in size and in a few examples they had 
turned either up or down, growing parallel to the longitudinal axis of the 
primary root, and they were entirely inclosed within its tissue. Figure 3 
illustrates this condition. 

Effect of temperature on growth after x-ray treatment 

Experiments performed to test the effect produced by keeping the corn 
seedlings at 6° C. during irradiation with doses of 200 to 1000 r and then 
allowing them to grow at 24° C. showed no differences between such treated 
seedlings and those similarly irradiated at room temperature. Following 
the failure to produce differences in sensitivity to x-radiation by means of 
low temperature during treatment, a number of tests were made to find out 
whether varying the temperature after x-ray treatment would affect the 
amount of injury due to irradiation. Since corn was found to thrive at 
temperatures of 17° to 36° C., it was possible to observe the behavior of roots 
whose growth rates varied widely according to the temperature selected. In 
the first experiment three groups of seedlings were irradiated at the same 
time with 2000 r, and then the separate lots were placed, with their controls, 
in three incubators at varying temperatures. Care was taken to measure the 
growth at very frequent intervals. Figure 4 shows the curves made by the 



Fig. 4. Carres of growth at three temperatures after equal amounts of radiation. 
Length of life increases as temperature decreases. 
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growth of the primary roots of th^e seedlings exposed to 36°, 24°, and 
17—21° C. after all were irradiated under exactly the same conditions. The 
shape of the curves is very significant, showing that the time of death was 



Fig. 5. Growth curves showing effects of different temperatures after doses of 1500 
and 2000 r. Increasing doses decrease the latent period and the effect is exaggerated by 
increase in temperature. 



Fig. 6. Growth curves of primary roots of Zea mays showing effect of exposure to 
24® and 36® 0. after a dose of 800 r. At 20 hours the irradiated group at 24® 0. shows no 
injury while at 36° C. roots are 4 mm. shorter than their controls. 
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exposure to various doses of x-rays. 

delayed as the temperature decreased. Similar experiments were performed 
by repeating the dose of 2000 r and also using 1500 and 800 r, in each^ase 
exposing part of the irradiated group to 24® and part to 36® C. with their 
respective controls at each temperature. Figure 5 shows that after both the 
1500 and 2000 r treatments, the roots grown at 24® lived longer than those in 
the group at 36® C. Growth after 1500 r extends over a longer period of 
time at the lower temperature, and, also, the roots reach a considerably 
greater length before death when grown at 24® than at 36® C. Figure 6 
shows that when the dose is lowered to 800 r, the irradiated groups grown at 
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Fig. 8 . Growth curves showing effect of temperature on length of latent period after 
an x-ray dose of 2000 r. 
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the two temperatures grow roughly parallel to each other, the 36® group 
growing the faster just as the 36® controls grow faster than the 24® controls. 
In figure 7 the curves of the growth following the three doses have been rear- 
ranged to show more graphically the effect of the two temperatures on each. 
The curves in figures 4, 5, 6, and 8 show that with all the doses used, the latent 
period was longer at the lower temperature. As the dose increases, the 
difference between the temperature effects is increased. 

Discussion 

The coleoptile was the only part of the com seedling which failed to show 
any effects of irradiation. Cattell (8) reported it to be the least sensitive 
part of wheat, as after a dose of 1200 r the coleoptiles showed a reduction of 
8 per cent, in height while the primary roots were reduced to 45 per cent, of 
the length of the controls. It would appear that the coleoptile of com is 
less sensitive to irradiation than the coleoptile of wheat. The apparent lack 
of sensitivity to x-rays of this organ may be partly explained by the results of 
cytological studies of Zea mays by Tetley and Priestley (18) . They found 
that cell division stops in the coleoptile earlier than in any other part of the 
embryo. The fact that cell division has probably ceased long before exposure 
to x-rays may account for this organ showing no injury after doses which 
seriously interfere with the growth of parts of the seedling in which there 
has been rapid cell division at the time of irradiation. 

Skoog (13) , using moving pictures to study the behavior of the coleoptile 
in Avena, found that its growth stopped when it was ruptured by the shoot 
pushing through it. If it is natural for the growth to continue only as long 
as the sheath is intact, and if the rupture is delayed when the shoot is stunted 
by irradiation, then this tendency towards excess growth in height may mask 
the effect of x-ray treatment on the com coleoptile. The fact that the coleop- 
tiles of treated corn seedlings were a trifle longer than those of the controls 
may indicate that the stunting effect of x-rays was a bit less influential than 
the opposite tendency towards increased growth. 

The chlorotic disturbance noted in the com leaves is typical of the results 
reported for many species. Noguchi (10) examined sections of leaves from 
irradiated seedlings of Helianthus annuus and found that the light color 
was due both to a reduction in the number of chloroplasts and a deficiency 
in their chlorophyll content. 

The fact that irradiation in any amount between 4000 to 10,000 r failed 
to produce more stunting of the primary root than did 4000 r, shows that 
corn responds to x-rays in this respect in very much the same manner as does 
wheat. Francis (6) reported that doses increasing from 3390 to 13,000 r 
fail to produce any increase in damage to the seedlings either in affecting 
the growth or in reducing the rate of respiration. Many workers have tried 
in vain to find a dose of x-rays strong enough to kill the plant immediately. 
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In an early experiment, where it was necessary to compare the effects of 
irradiation on two groups of seedlings which had been treated under different 
conditions, the time for comparison was chosen when both groups had lateral 
roots starting but those of one set were further developed than those of the 
other. Quantitative measurements were made at first by carefully cutting 
off the rootlets, obtaining the dry weights of those of the two groups, and 
then computing the average weight of the lateral roots of each group. This 
laborious method was discarded when further study showed that small differ- 
ences in the amount of damage caused by irradiation could be measured both 
by noting the time at which lateral roots appeared and also by recording the 
distance below the grain at which the first rootlets appeared. The use of 
the time factor is the more exact of the two methods. It is necessary to 
decide on a given proportion, such as one-third, of the plants to be required 
to show rootlets before the time of appearance is recorded. This helps to 
prevent mistakes being made when the group contains one or more freak 
plants which, for some unknown reason, are unusually resistant. Such 
individuals have been omitted in computing averages when they were few in 
number and extremely different from most of the group. 

When preliminary experiments have been carried out at the same tem- 
perature and near the dose to be used, the time interval during which very 
frequent observations are necessary to establish the time of appearance of 
rootlets can be fairly accurately predicted. In order to compare the sensitiv- 
ity of two groups of corn seedlings, a dose of 300 r would have the advantage 
of yielding data both on the time of appearance and the spacing of lateral 
roots below the grain, and it would furnish this information in a shorter 
time than would be required for the same observations after higher doses. 
WiGODER and Patten (19) observed that lateral roots of Vicia faha were 
delayed in the time of their appearance and were formed more and more 
distally from the seed as the dose of x-rays was increased. It is therefore 
possible that this type of reaction could be expected in many kinds of plants 
and could be used as a general method for comparing sensitivity to irradia- 
tion between groups of the same species. 

The fact that the appearance of the first lateral roots is delayed by irradia- 
tion might indicate that time is required for the repair of certain damage 
before these roots can be formed in a normal way. The few sections which 
were prepared from seedlings which had been irradiated with 1500 r showed 
no indications of lateral roots being formed in the region just below the seed, 
while in the region further down there were abortive attempts at lateral root 
formation followed by a region producing apparently normal rootlets. Since 
irradiation is generally considered to have an aging effect on tissues, the 
failure of the lateral rooti^ to reach the exterior along the upper part of the 
root might be due to the same type of conditions which prevent secondary 
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root formation in old, tough roots. Further study may determine whether 
the rootlets in the x-rayed material changed the direction of their growth 
because of the mechanical difficulty of penetrating the outer layers of the 
primary root. 

In normal seedlings there was a quite definite relation between the length 
of the primary roots and the time of appearance of lateral roots, but this 
relationship was upset in the irradiated groups. Here the rootlets tended to 
appear while the primary root was relatively shorter, but if the plant's main 
root never reached a length of 60-70 mm. it was unlikely that any rootlets 
would be formed. It may be possible that as the plant begins to suffer from 
the slow growth of the x-rayed primary root, the lateral roots tend to appear 
earlier in proportion to the length of the main root as an attempt at com- 
pensation for the lack of absorbing power of the main root. Johnson (7) 
reported that irradiated seedlings of Helianthus annuus lack ability to absorb 
as much water as their controls. This condition is all the more serious for 
the plant, because the aerial parts, not being stunted by irradiation to the 
same extent as the roots, are in need of a supply of water approaching that 
of a normal plant. 

There are reports of several experiments on the effect of irradiating living 
material at low temperatures. Crabtree and Cramer ( 4 ) treated mouse 
tumor with radium at 0® C. and found that its sensitivity to irradiation was 
greater than when it was treated at room temperature. Mottram (9) 
obtained similar results, using Vicia faba (a very small number of plants) 
treated with both radium and x-rays. On the other hand, Henshaw and 
Francis (6) failed to find any difference in the sensitivity of wheat seedlings 
when irradiated at different temperatures. The same type of experiment 
was tried in this laboratory with corn, with the idea that this plant, being 
more sensitive to cold than wheat, might give somewhat different results. 
The findings were negative. 

It was found that growing corn seedlings at different temperatures fol- 
lowing irradiation produced differences in the length of the latent period, the 
ones grown at the higher temperature showing the damaging effects sooner 
than those which were allowed to grow more slowly at the lower temperature. 
This held true for groups of roots which had received a dose of 800 r and 
grew in a manner very nearly like the normal. The effect on the latent 
period became more and more noticeable as the dose was increased to 2000 r. 
It would be of interest to test higher doses to determine whether a stage could 
be reached where the damage done by irradiation would be so ^eat that a 
comparatively low temperature could have no effect towards lessening the 
amount of injury. 

With all biological material the time required for the effects of irradiation 
to appear varies according to the dosage, the type of organism, and probably 
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many other factors. It is generally coni^idered that biological changes are 
the result of chemical changes set in motion by ionization during the actual 
time of irradiation. Conditions which would speed up or modify the chemi- 
cal reactions could be expected to shorten the latent period required for the 
results of the biological changes to appear. Heat increases the speed of most 
chemical reactions and does appear to shorten the latent period in the experi- 
ments reported here. 

Although irradiated seedlings grown at 36° C. begin to show the effects 
of irradiation at an early age, they grow fairly rapidly until they suddenly 
die. When groups of irradiated plants grown at successively lower tem- 
peratures are compared, it appears that the slower the plants grow, the longer 
they are likely to live. However, the dose of 2000 r has set a limit, perhaps 
within a range of 6 mm., to the amount of growth possible following that 
amount of irradiation. The seedlings grown at each temperature group die 
when their primary roots have reached this limit no matter how long a time 
is required for each group to grow roots of that length. This limit may be 
determined by any one of several factors or a combination of them. A given 
amount of food material may be available for the building of new root tissue 
and irradiation may prevent the formation or transportation of more of that 
substance after the original supply is exhausted. If the root is growing 
rapidly, it will use up its supply and die sooner than a slow-growing root 
Tyhich uses up its food more slowly. This theory might help explain why 
the primary root can grow to the same length, when either 4000 or 10,000 r 
have been applied. If there is the same amount of food material available 
originally for both groups of roots, the 4000 r dose is just as effective as the 
10,000 r dose in preventing any further growth after the original supply is 
exhausted. As the dose was reduced below 4000 r this food formation was 
apparently less and less disturbed. Since growth of the plant as a whole 
proceeds quite normally after a dose of 800 r, it may be assumed that there is 
early recovery if this amount of irradiation interferes with the food supply. 

Another cause of death may be the accumulation of mildly toxic 
substances until they interfere with natural physiologic processes, or, as 
Schwartz (12) suggests, the proteins may be giving rise to increasingly toxic 
products as their decomposition proceeds. Either of these conditions would 
be aggravated and cause earlier death with increase in temperature and the 
higher rate of metabolism accompanying it. The difference between the 
length of the latent period at different temperatures in the case of plants 
receiving 800 r, might be due to the difference in the rate at which toxic 
materials were formed. It is possible that some of these poisonous substances 
may diffuse out; this would help explain part of the recovery which takes 
place when the dose^pof radiation are not too heavy. 

The comparative lack of irradiation injury shown in the early stages by 
plants grown a£t ^ C. and below might be due to the time element of delay 



RUSSELL: EFFECTS OF X-RAYS ON ZEA MAYS 


131 


made possible by the use of lower temperatures. Several authors have tested 
the effect of allowing time to elapse between irradiation and the beginning of 
growth processes following it. Strangeways and Fell (15) reported that 
when chick embryos were kept in the refrigerator for 24 hours after irradia- 
tion and then allowed to grow in incubators at their normal temperature, the 
injury due to irradiation was less than the injury suffered by embryos 
similarly irradiated but allowed to continue their normal growth rate imme- 
diately following exposure to x-rays. There may be a certain amount of 
recovery going on during the period before growth is resumed. 

After living material has been irradiated there is a certain amount of 
residual effect which continues at a steadily decreasing rate. According to 
Kinqery (8), the rate of decrease of this effect with time follows a loga- 
rithmic curve. If growth processes are delayed for a time, the amount of 
residual effect will be growing less and less in the meantime. Therefore, 
when the rate of metabolism is allowed to return to normal there will be less 
damage done to the cells which are again beginning to divide than would 
occur if they continued dividing immediately after the irradiation period. 
In like manner, the long, slow growth made possible by low temperature 
could be assumed to reduce radiation injury by allowing more time for the 
reduction of the amount of residual radiation. 

Packard (11) performed a set of experiments on Drosophila eggs which 
very nearly parallel the tests reported here on growing com seedlings at 
different temperatures following irradiation. After the same dose of x-rays, 
groups of eggs which were incubated at 18° C. hatched in 80 per cent, of the 
cases, while in the group kept at 28° C. only 53 per cent, hatched. Low 
temperatures after irradiation also reduced the amount of injury shown by 
chick embryos in experiments reported by Ancel and Vintemberger (1). 

The fact that com seedlings. Drosophila eggs, and chick embryos all react 
to temperature effects after irradiation in the same general way would seem 
to indicate that temperature during this period controls one or more funda- 
mental conditions involved in determining the amount of irradiation injury 
shown by the living organism. 


Summary 

Seedlings of field corn were x-rayed with doses of 60 to 10,000 r and their 
subsequent growth observed under varying conditions. The results are as 
follows : 

1. The height of the coleoptile was not affected by doses up to 5000 r 
which was the highest dose used in these particular experiments. 

2. Shoots of plants which received over 800 r showed the effects of irradia- 
tion by delay in bursting through the coleoptile and by failure to reach the 
height attained by their controls during the time of the experiment. 



132 


PIJINT PHYSIOLOGY 


3. All of the greenhouse plants irradiated with 200 r and more showed a 
chlorotic disturbance in the early leaves. 

4. Leaves of all plants which 4^eceived 800 r, and the small number of sur- 
vivors from the 1200 r group, showed a strong tendency to curl their edges 
toward the under surface. 

5. The rootlets growing laterally from the primary root were the most 
sensitive part of the seedlings. Doses of 75 r and higher delayed the appear- 
ance of these secondary roots increasingly as the dose was raised, while doses 
of 300 r and higher increased the distance between the grain and the first 
of these roots. Comparison of the time of appearance and spacing of these 
secondary roots is suggested as a method for comparing the degree of sensi- 
tivity to x-rays of various groups of seedlings. 

6. Doses up to 10,000 r failed to prevent at least 20 mm. of root growth 
after radiation was applied. 

7. Plants irradiated with doses between 800 and 2000 r showed a much 
shorter latent period before x-ray effects were measurable when grown at 
36° C. after treatment than when grown at 24° C. and lower temperatures. 

8. After a dose of 800 r com seedlings showed the same amount of injury 
whether they were grown at 24° or 36° C. After 1500 r the 24° group grew 
faster than the 36° group after 50 hours, and the roots attained considerably 
greater length during their longer life. After doses of 2000 r the 24° groups 
surpassed the 36° groups after 35 hours and lived longer, but after this dose 
the final length was never more than 9 mm. greater than that of the 36° 
group. On the whole, lower temperatures after irradiation tended to reduce 
the amount of radiation injury. 

The writer wishes to thank Professor William Seipriz for his interest and 
helpful criticism, Dr. Ellice McDonald for the use of the x-ray equipment 
and other laboratory facilities of the Biochemical Research Foundation of 
the Franklin Institute, and Professor Rodney H. True for the use of the 
greenhouses of the Department of Botany of the University of Pennsylvania. 
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LAG IN WATER ABSORPTION BY PLANTS IN WATER CULTURE 
WITH RESPECT TO CHANGES IN WIND" 

J. Ddan Wilson and Boston E. Livinoston 
(with theeb figubes) 

Introduction 

This paper presents a portion of the results of a series of wind-tunnel 
tests on water absorption, carried out in the laboratory of Plant Physiology 
of the Johns Hopkins University in 1924. We aimed to continue that study 
with more adequate control of air conditions and with other improvements 
in technique, but opportunity to realize that aim has not become available. 

To make sure that the supply of water to the roots of our plants would 
always be unlimited, we employed solution cultures, which were usually 
supplied with Shive’s well-known 3-salt solution of KH 2 PO 4 , CaCNOg)* 
and MgS 04 , in osmotic proportions of 5 : 2 : 3 and with a total osmotic value 
of 1.5 atm. Rates of water absorption and transpiration must consequently 
have been generally limited or controlled only by internal characteristics 
of the plants themselves (absorbing, conducting, and transpiring capacity) 
and by the current evaporating power of the aerial surroundings. Except- 
ing in some special tests, these rates were never retarded by inadequacy of 
the external water supply at the absorbing surfaces nor by external suction, 
capillarity, or osmotic resistance to absorption by the root systems. Wilting 
of the leaves which could be induced by exposure to wind velocity of 12-15 
mi/hr., with water-vapor-pressure deficit of about 15 mm. and air tem- 
perature of 28°-33'’ C., indicated simply that the absorbing and conducting 
capacities of the plant, taken together, were inadequate to deliver water 
to the foliage as rapidly as water was being lost through transpiration. 
Several species of plants rooted in well-watered soil also showed this type 
of wilting and Livingston has observed (5) plants of Fagopyrum escvlen- 
tum L. in water culture to attain what must be regarded as “permanent 
wilting” in a sunny greenhouse, even without notable wind. 

We were not now concerned with wilting, however, nor even with water 
absorption and transpiration under the influence of long-continued wind. 
In the experiments now considered the plant was subjected to artificial 
wind only long enough to attain a steady rate of absorption, after which 
the wind was discontinued and the absorption rate for calm air was soon 
regained. 

^ Botanical contribution from the Johns Hopkins University, no. 136. 
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Methods 

Booted cuttings were employed, mostly of Salix purpurea L. (basket 
willow). Salix nigra Marsh (black willow) and Cephalanthtts occidentalis 
L, (button bush) were used in some tests. Basket willow is especially well 
suited to the preparation of a large number of closely similar rooted 
cuttings. Cuttings were made in late January, from shoots having a basal 
diameter of about 1 cm. They were usually 30-^5 cm. long, but some were 
120 cm. in length. The basal end of each cutting, protected by a suitable 
piece of tapered brass tubing, was thrust through the central hole of a 
large 3-hole rubber stopper, which seized the stem firmly in an air-tight 
joint. About 15 cm. projected on the lower side of the stopper. After 
removing the metal tubes, the cuttings were planted in moist sand in the 
greenhouse, to root and sprout. About 4 weeks later those which had 
developed satisfactorily were transferred to sheet-metal tanks (about 1^0 
cm. long, 60 cm. wide, and 20 cm. deep) containing nutrient solution. The 
tanks, which stood in the greenhouse, were each provided with a sheet-metal 
lid with many perforations into which the rubber stoppers fitted, so as to 
keep the plants upright with their root systems in solution and their 
developing shoots and foliage in air. At the end of an additional 4-week 
period the plants were w^ell developed and ready for use. 



Fig. 1. Plant-culture bottle assembly. 
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When an experiment was to be started, a suitable plant was transferred 
from the tank to a large-mouthed bottle completely filled with about a liter 
of nutrient solution, a glass tube was tightly set into each of the unoccupied 
holes in the attached rubber stopper and the latter was firmly set into the 
bottle mouth, as shown diagrammatically in figure 1. Tube B could be 
closed at will by means of a bit of rubber tubing and a clamp of the Hoffman 
type. The assembly was then introduced into the wind tunnel and a 
potometer (shown diagrammatically in figure 2) was connected thereto by 
means of thick-walled rubber tubing, which joined tube C of figure 1 to one 
of the D tubes of figure 2. The culture bottles were kept closed for periods 



no longer than were actually required for obtaining satisfactory potometer 
readings. Stoppers were lifted and allowed to rest on the bottle rims as 
much as possible and plants were regularly returned to the well-aerated 
stock tanks between experiments. 

standardized white spherical porous-porcelain atmometers of the Liv- 
ingston form (7) were operated in comparison with the plants. The 
sphere was mounted on a vertical glass supply tube in the ordinary way, 
without a non-absorbing valve. The tube bore a 3-hole rubber stopper like 
those used on the cuttings, and the atmometer and its tube formed part of a 
bottle assembly similar to the one shown in figure 1. For atmometers, of 
course, distilled water replaced the nutrient solution. Each atmometer 
reading was reduced to the Livingston standard for this type of sphere by 
mutiplying by the operating coefiicient of the sphere used, which was 0.80 
in every case. 

Care was necessary to avoid the presence of undissolved gas anywhere 
in the whole bottle-potometer system, excepting the bubble index of the 
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potometer. Bates of removal of liquid from the culture bottle or atmometer 
bottle were measured, by 0.1-ml. or 0.50-ml. increments, by means of a stop 
watch. These rates were first recorded in terms of the number of seconds 
or minutes required for the removal of a single increment, but they were 
generally computed subsequently to terms of milliliters per hour (ml./hr.). 
Bates of atmometer absorption may be termed A, while those of plant 
absorption are termed P. Also, Aw and Pw may refer to rates secured with 
measured wind, and Ac and Pc to rates secured in the tunnel but without 
wind. 

The potometer used (fig. 2) consists essentially of a horizontally placed 
piece of barometer tubing calibrated throughout a length of approximately 
25 cm. and provided with a scale showing 1 ml. divided into twentieths. 
After the instrument had been connected to a culture or atmometer, dis- 
tilled water which was placed in reservoirs I and H was allowed to enter 
through cock J so as to fill the entire system. With cock J closed, as well 
as any of the D tubes not in use, and with cock G open, application of a 
little suction at B (fig. 1) caused water to replace all undissolved air in the 
potometer-bottle assembly. During periods of experimentation, an atmom- 
eter was usually attached to one D tube, a culture bottle to another, and 
the third was closed with a piece of rubber tubing and a clamp. After the 
whole assembly had been filled, cock B was closed, and any water sub- 
sequently removed from the bottle by plant or atmometer was naturally 
replaced by movement from reservoir I. A small air bubble, to serve as 
index, was introduced through tube F. After each measurement, before 
the bubble reached the lateral tube leading to reservoir H, cock J was tem- 
porarily opened, to permit entrance of water from H, so that the bubble 
was driven back beyond the zero of the scale; the instrument was thus 
quickly made ready for the next measurement. The potometer tube was 
frequently cleaned with chromic acid cleaning solution, to avoid possible 
distortion of the air-bubble index. 

It is generally impossible to expose in a room two or more stationary 
objects, such as plants or atmometers, so that they are subjected to really 
like sets of environmental conditions (4, 16). Wilson (17) observed great 
differences in evaporativity in different parts of the same greenhouse room ; 
there is usually considerable air movement at different and fluctuating 
rates, and in various and changing directions, due to such causes as tem- 
perature differences or differences in air pressure between windward and 
leeward sides of the room. Furthermore, really calm air is practically 
impossible to obtain. Giddings (3), and Blackman and Knight (1), who 
have discussed some of the problems involved in attempts to compare 
transpiration and evaporation in freely moving air, have described methods 
for avoiding, some of the difficulties thus encountered. S'or such compari- 
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sons artificial wind from an electric fan cannot be employed without a 
suitable wind tunnel. 

The tunnel used by us was similar in many respects to the one described 
by Blackman and Knight (1). It was horizontal and stood in a green- 
house room. It was mostly made of builders’ wall-board (‘^celotex”) 
supported on the outside by a light wooden frame. It consisted of a 
frontal portion about 75 cm, square in cross section and 2 meters long. 
Continuing this was a tapering portion 1.5 meters long and 45 cm. square at 
the smaller end, with a circular central opening just large enough to allow 
the propeller of a suitably supported 40-cm. electric fan to rotate in it, 
drawing air out of the tunnel. The top or ceiling of the frontal portion 
consisted largely of glass, to permit entrance of light. A suitable sliding 
panel in the floor of the frontal portion permitted the introduction of a plant 
or atmometer in the desired position and allowed the floor to be closed around 
the stem or supply tube. The bottle was supported beneath the tunnel and 
the potometer was conveniently placed outside, at a convenient level for 
reading. Air flow was regulated by means of a hand-operated rheostat 
which controlled the fan. The available range of air-flow rates was from 
about 1 km./hr. to about 26 km./hr. Bates of air flow were measured by 
means of a Mason anemometer placed in the center of the frontal section 
of the tunnel, and a thermometer suspended near by indicated air tempera- 
ture. Wind velocities were expressed in terms of miles per hour (mi./hr.). 
The air of the tunnel around plant or atmometer was regarded as calm when 
the fan was not in operation, although there was surely always significant but 
unmeasured air movement under these conditions, especially upward and 
downward convection. 

When a series of measurements was to be started, the rate of air flow 
was first adjusted; then the anemometer was removed from the tunnel, 
and an atmometer assembly was quickly introduced, the tunnel floor being 
closed around the atmometer tube. Several potometer measurements of 
atmometer absorption (Aw) were then made as quickly as circumstances 
would permit, after which the atmometer assembly was replaced by a plant 
culture and a number of potometer readings of plant absorption (Pw) were 
obtained. The fan was then stopped, and potometer readings with calm air 
were secured, first for plant (Pc) and then for atmometer (Ac) . It required 
only a few minutes to replace the atmometer by a plant, and conversely. 

The potometer lag 

It was found that the full effect of any pronounced alteration in air 
movement past plant or atmometer, which would measurably change the 
rate of transpiration or evaporation, was not immediately shown in terms 
of bubble movement; there was always some lag. After each change — 
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from calm to wind, from wind to calm, or from one measured wind velocity 
to another — ^it was necessary to secure several successive potometer read- 
ings throughout an adjustment period, until a steady rate of progress, 
corresponding to the new air conditions, had been attained. That period 
which is the subject of the present contribution, will be termed lag period. 
As might be expected, it was always shorter for the atmometer than for a 
plant under similar air conditions, and it varied in length according to time 
of day, weather, etc. 

Since the liquid of the culture bottle or the atmometer sphere was con- 
tinuous with the water column in the potometer tube, and since this liquid 
system was bound by rigid walls throughout, excepting at the menisci of 
the index bubble and at the open end of the tube, any movement of the 
bubble along the scale must have represented a corresponding change in 
hydrostatic pressure in the system ; and that, in turn, must have represented 
removal of liquid from the bottle or from the cavity of the atmometer 
sphere, unless it were due to liquid contraction accompanying a lowering 
of temperature. The last clause refers to the familiar thermometer effect, 
which requires attention in all volumetric measurements of this sort, but 
temperature changes in the system could not introduce any considerable 
influence on bubble movement during the relatively short periods required 
for the timing of absorption increments of 0.1 ml. each. Volumetric rates of 
bubble advance along the graduated potometer tube are therefore taken as 
practically equivalent to concurrent rates of removal of liquid from culture 
bottle or atmometer sphere. These absorption rates were considered as 
controlled by current rates of transpiration or of evaporation, upon which 
air movement was effective, but the lag required attention. 

For the sake of clearness it may be mentioned, without attempting a more 
thorough analysis here, that the rate of transpiration or evaporation at 
any moment is of course controlled partly by (a) internal characteristics 
(including temperature and exposure) of the transpiring surfaces or of 
the evaporating surface and partly by (b) the evaporating power of the 
surrounding air. Transpiration is of course subject to pronounced in- 
fluences exerted by the absorbing and conducting capacity of roots and 
stems, as well as by structural characteristics of the leaves ; but there is no 
internal resistance to evaporation from the atmometer sphere excepting 
what is introduced by the sphere wall — ^the atmometer tube offers no signi- 
flcant resistance to water movement (it has a bore of 6-7 mm.) and the 
instrument is without any resistance such as is due to the root system of 
a plant. 

The water system within the pores of the atmometer sphere is apparently 
subject to slight readjustment whenever the rate of evaporation changes 
considerably, probably because of expansion or contraction of gas in small 
gas-filled spaces among the pores or because of slight outward or inward 
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movement or change in curvature of the submicroscopic menisci at the 
outer openings of the pores or because of both. Readjustments may also 
be due to volume changes in an air bubble in the sphere cavity, if one 
exists there. Aside from these suggested reasons for the apparent slight 
extensibility and elasticity of the atmometer water system, any change in 
evaporation rate should be accompanied by a corresponding change in the 
hydrostatic pressure within the sphere cavity, which should be transmitted 
almost instantaneously to the potometer tube, for we may be sure that no 
sensible change in the specific volume of water took place on account of 
such very slight pressure changes as might occur. The entire range of 
pressure fluctuation in our porous-porcelain spheres — ^mounted as they were 
without special precautions such as need to be introduced if one wishes to 
demonstrate negative pressures, as in the classic Askenasy experiment — 
was less than one atmosphere; no truly negative pressure (i.e., pressure 
with the minus sign, or traction pressure) was at any time developed, and 
the pressure differences here considered were consequently always within 
the limits of true suction, for which the liquid is at all times under positive 
pressure and is never ‘‘stretched.^' In any event, the atmometer lag was 
generally short. 

The plant differed fundamentally from the atmometer sphere and tube 
in that the liquid of the former was not held within rigid walls. With 
decreased hydrostatic pressure produced by acceleration of transpiration, 
for example, the volume of the liquid system of the plant might be con- 
siderably reduced without air bubbles forming in cells or in vessels free from 
undissolved gas, and of course gas bubbles might form or enlarge in some 
vessel segments. Thus, through bending of cell walls and corresponding 
minute but numerous pressure adjustments — in leaves, stem, and root — 
the plant might give off water temporarily at a rate more rapid than the 
concurrent rate of liquid absorption through the roots. If the transpira- 
tion rate is maintained after such an acceleration, these adjustments should 
soon terminate in a new set of pressure gradients throughout the plant, 
and then absorption and transpiration should again become equal and 
might continue so indefinitely. In a similar manner a reduction in trans- 
piration rate (as when the air condition is changed from that of a consider- 
able wind to that of calm) should be followed by a period of adjustment in 
the reverse direction, during which absorption should temporarily exceed 
transpiration. Such adjustment periods, with which students of plant 
transpiration and absorption have long been familiar, are probably the lag 
periods considered here. The liquid system of the plant thus acts, on the 
whole, as though it were extensible and elastic. In our tests, considerable 
increase or decrease in wind velocity apparently increased or decreased 
transpiration or evaporation almost instantaneously, but the lapse of the 
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lag period was required before the potometer readings came to represent 
the transpiration rate or the evaporation rate that corresponded to the new 
air condition. 

The potometer lag cannot be related to any hydrostatic-pressure read- 
justments outside of the plant itself or outside of the atmometer sphere. As 
soon as a pressure change occurs in the culture bottle, or in the sphere 
cavity, it should be quantatively transmitted to the potometer. Thus, 
although potometer readings taken within the lag period represent current 
rates of absorption by plant roots or by sphere, they do not represent pre- 
cisely either current transpiration or current evaporation rates. 

Plante of Salix purpurea and Cephdlanthus were used in the representa- 
tive experiments here described, the wind velocity employed being 4.4 mi./hr. 
unless otherwise stated. The length of the lag period for transpiration of 
both kinds of plant was found to be about the same, other conditions being 
alike. It was also about the same, other conditions being the same, whether 
the air change was in the direction from calm to wind or in the opposite 
direction, but in the latter case it sometimes appeared to be somewhat longer 
because the 0.1 -ml. increments of absorption immediately following the stop- 
ping of the fan required much longer periods than were required when the 
fan was in operation. It was found that the length of the lag period was 
longer as tiie preceding steady rate of absorption for calm air had been slower, 
and conversely, thus showing a fairly clear diurnal march. In very early 
morning and late evening the period was longest, being shortest about mid- 
day, when the steady absorption rate for either calm or wind was at or near 
its maximum for the day. Furthermore, the amount of water absorbed dur- 
ing the lag period was greater as the period was shorter and as the absorp- 
tion rate in calm air was more rapid, the average rate of water absorption 
during the lag period being most rapid about midday and least rapid in 
early morning and late evening. The length of the lag period was appar- 
ently not generally and consistently related to the accelerating effect of 
wind on transpiration. 

For example, at about 6 a. m., 11 a. m., 4 p. m. and 9 p. m., on a clear day, 
the lengths of the mean lag periods for basket willow plants were respectively 
about 8, 3, 7 and 12 min., and the corresponding volumes removed from the 
potometer tube during the lag period were about 0.55, 0.75, 0.60 and 0.35 ml. 
Absorption rates in calm air were, respectively, 1.46, 6.0, 2.00 and 0.72 
ml./hr., and accelerations induced by 4.4-mi. wind were 45, 30, 36 and 14 
per cent. 

For a second example, readings between 8 and 10 a. m. on three similar 
clear days, with air temperature about 20° and relative humidity about 66 
per cent, gave the averages shown below. 



WILSON AND LIVINGSTON: LAG IN WATEB ABSORPTION 


143 


Plant used 

Steady 

ABSORPTION 
RATE, 
CALM AIR 

Wind 

ACCELERA- 

TION 

Change in air 

MOVEMENT 

FROM 

Approx. 

LENGTH 

OF LAG 
PERIOD 

Approx. 

LOSS FROM 
POTOMETER 
DURING LAG 
PERIOD 


ml/hr. 

% 


inin. 

mU 




Calm to wind ... 

7.3 

0.35 

Salix 

2.8 

43 

Wind to calm ... 

6.8 

0.46 




Average 

7.1 

0.40 




Calm to wind ... 

6.7 

0.45 

Cephalanthue ... 

2.4 

88 

Wind to calm ... 

7.5 

0.35 




Average 

7.1 

0.38 




Calm to wind ... 

1.3 

0.15 

Atmometer 

1.1 

655 

Wind to calm ... 

6.6 

0.1 




Average 

3.4 

0.1 


As to the error that might be introduced if the potometer lag were 
neglected, a few numerical values may serve to show its order of magnitude ; 
these are taken from the series of data on which was based the example just 
given. When a Salix plant was absorbing in calm air at a steady rate of 
about 2.8 ml./hr. the fan was started, giving a wind velocity of 4.4 mi./hr. 
Then the next three 0.1-ml. increments of absorption required, respectively, 
1.84, 1.65 and 1.53 min. ; thus the first reading after the fan was started 
showed a rate of 3.27 ml./hr., the second showed a rate of 3.64 ml./hr., and 
the rate shown by the third was 3.91 ml./hr. The steady rate for wind was 
about 4.00 ml./hr., and the first reading was therefore too low by about 18 
per cent. For the reverse test, with the plant in wind and showing a steady 
absorption rate of 4.00 ml./hr,, the fan was stopped, after which the next 
three potometer increments represented absorption rates of 3.6, 3.1, and 2.8 
ml./hr., respectively, the latter being about the steady rate for calm air. 
The first reading after the fan had stopped was too high by about 30 per 
cent. These and other percentages of error that would be introduced by 
neglecting the lag following a change from calm to wind or from wind to 
calm are assembled below : 



Change from calm 

TO WIND 

Change from wind 

TO CALM 

Salix 

18 per cent, too low 

30 per cent, too high 

CephalantTius 

25 per cent, too low 

50 per cent, too high 

Atmometer 

Error too small to measure 

13 per cent, too high 


It is thus seen that the lag under discussion is apt to be of considerable im- 
portance, especially with regard to plant absorption. To avoid error due to 
it, the time periods required for the removal of successive 0.1-ml. incre- 
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ments from the potometer, after a change in air movement, were always 
recorded until a steady rate was attained, and that steady rate was then 
taken to represent the new air condition, as has been said. In this connec- 
tion it should be noted that the hours of the day mentioned in this account 
represent the times when the respective tests were started. It usually re- 
quired less than 20 min. to allow for the lag period in any test and to obtain 
the value of the steady rate ; but when air humidity was high and rates of 
transpiration and evaporation were consequently slow, the time required 
for ascertaining all the several rates recorded for a given time was sometimes 
as long as 1 hr. 

Data for an additional example of these lag relations are shown graphi- 
cally in figure 3. Tests were made, using 0.05-ml. increments, at about 6 
and 11 A. M. and at about 4 and 9 p. m., at which times the acceleration due 



Fia. B. Bate of absorption of culture solution by a willow plant in calm and wind at 
different times of day, the corresponding length of the lag period in a change from calm 
to wind and wind to calm, and the volume of solution absorbed during these periods. 

to wind amounted to 45, 30, 36, and 14 per cent., respectively. The plant 
used was $ basket willow and the wind velocity was 4.4 mi./hr. The steady 
absorptij^ rates, for calm air and wind (the latter being of course the 
greater) are seen to have been maximal at about 11 a. m.^ which is also true 
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of the lag volume (amount of absorption occurring during lag period), but 
the length of the lag period is seen to have been minimal at that time. In 
this instance the lag period and the lag volume were a little greater for the 
change from calm air to wind than for the change from wind to calm air. 

Mabtin and Clements (10) found that a pronounced and rapid initial 
acceleration of transpiration occurred when their weighed sunflower phy- 
tometers were subjected to artificial wind after a period of calm. Their 
first measurement of the rate of water loss was not made until 15 min. after 
the fan had been started, but they were convinced that the maximal trans- 
piration rate had been attained and passed in that first period. It seems 
probable that their plants, with roots in moist soil, did not attain their 
maximal rate of water loss more quickly than did our plants, with roots in 
solution. The lag period for basket v^ow, with which most of our tests 
were made, was usually less than 10 minutes. 

It seems clear that, as has been remarked, the potometer lag for our 
plants represents hydrostatic readjustments of some sort within the plant 
body and that the lag period represents the time required for the propaga- 
tion of a hydrostatic-pressure change from transpiring membranes in the 
leaves to the external solution bathing the absorbing membranes at the root 
surfaces. These readjustments probably occurred mainly in cortical tissue, 
especially in the leaves, in the experiments thus far considered ; they might, 
however, occur in cortical tissues elsewhere in the plant, as in stem and 
roots, and of course they might occur in the xylem vessels. 

To gain some insight concerning stem-length influence on the potometer 
lag, a series of comparisons was made between long-stemmed and short- 
stemmed basket willow plants. The short-stemmed plants had stems about 
30 cm. long, while the long-stemmed plants had stems about 120 cm. long. 
These tests on stem length were otherwise regular in every way and all 
plants were essentially alike with respect to foliage and root systems. A 
wind velocity of 6.6 mi./hr. was used in comparison with calm air. Some 
representative results follow : 




Short stems 
( 30 cm.) 

Long stems 
( 120 cm.) 

Steady absorption rate in calm air (ml./hr.) 

4.9 

4.7 

Acceleration due to wind (per cent.) 

34 

36 


Change from calm 
to wind 

7.1 

8.2 

Length of lag period (min.) • 

Change from wind 
to calm 

7.1 

8.0 
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The lag period for the 120-cm. plants was thus about 14 per cent, longer 
than for the 30-cin. plants and it seems clear that this difference was due to 
difference of stem length. Supposing that stem resistance to propagation of 
a hydrostatic pressure change from leaves through roots was proportional 
to stem length; and supposing that resistance due to foliage, or to foliage 
and roots taken together, was alike in both cases, then the equivalent of 14 
per cent, of the shorter lag period (or 0.98 min.) may be considered as 
having been due to 90 cm. of stem in the long-stemmed plants. Accordingly, 
the length of lag period due to leaves or to leaves and roots may be taken as 
6.7 min. in both cases, to which is to be added, for stem influence, 0.33 min. 
(short stems) or 1.33 min, (long stems). This reasoning leads to the plausi- 
ble supposition that only about 5 per cent, of the shorter period and only 
about 16 per cent, of the longer period is to be attributed to stem resistance. 
On this basis, the stems would apparently have had to be about 630 cm. long 
to make the stem lag as great as the leaf -root lag. Of course these tentative 
computations indicate only the general order of the magnitudes considered 
and the percentages shown would be expected to fluctuate with the transpir- 
ing capacity of the plant considered, which was apparently about the same 
for both kinds of plants in these tests, and also with the prevailing moisture 
and temperature conditions of the air — ^which were also essentially constant 
in the tests here considered. In general, it seems safe to suppose that the 
lag in our regular experiments with short-stemmed plants was mostly due 
to readjustments occurring in the leaves, or perhaps in leaves and roots 
together, and that stem readjustments — although not entirely absent in the 
short stems — ^were of little importance in determining the length of the lag 
period or the volume of water absorbed during that period. 

Any alteration in the root tissues that would increase resistance to the 
entrance of water from the surroundings through these tissues into tlie ves- 
sels, or any change in the liquid surrounding the roots that would increase 
external resistance to absorption, might be expected to increase the length 
of the lag period here considered, and this thought led to some tests on the 
influence of sudden changes in some chemical and physical characteristics 
of the solution about the roots of our solution cultures. A number of stu- 
dents ( 2 , 11 , 12 > 16 ) have found that acids and alkalies at suitable low con- 
centrations increased the absorption rate but that it was decreased when 
higher concentrations of these or other solutes were employed. Muenschee 
(11) found that transpiration was greatly retarded when a dilute nutrient 
solution about the roots was replaced by a sufficiently more concentrated 
one. Reed ( 12 ) found that some organic acids and salts, when present 
around the roots at suitable concentrations, accelerated transpiration, 
whereas slutable concentrations of some organic acids retarded it. 
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The introduction of solutes into the liquid around plant roots may retard 
the absorption rate through an increase in the osmotic value of the medium 
or through specific physiological or chemical effects on the absorbing cells 
of the roots — or even on other tissues, as of stem and leaf. In the first case 
the solutes would act physically, by remaining outside of the roots and 
hindering water entrance. In the second case they would penetrate into the 
root tissue before producing their effect. Several possible ways might be 
suggested by which a chemically active substance that has already passed 
into the plant across the absorbing surfaces of the roots might influence 
water absorption through action on living cells in roots, stem, or foliage. 
Wilson and Eunnels found that spraying leaves with Bordeaux mixture 
and various other materials (19, 20) increased the transpiration rate, and 
that a wide variety of chemical compounds increased the rate of desiccation 
of plant tissue (14). Placing various inorganic materials on the leaves pro- 
duced an effect opposite to that produced when other substances were intro- 
duced into the solution around the roots, although the principles involved 
were perhaps similar. 

In some of our experiments, the steady absorption rate of a willow plant 
was first ascertained, for calm air and for a 4.4-mi. wind, while the roots 
were in distilled water, after which the plant was transferred to another 
bottle filled with 0,01-M solution of HCl or KOH, or with a stronger solu- 
tion of sucrose or KNOg, and the new absorption rate w^as then measured as 
quickly as possible, first in calm air and then with wind. Different indi- 
vidual plants were used for the different solutions. 

Absorption was markedly retarded in every instance. The retardation 
was computed in each case as a percentage on the basis of the corresponding 
absorption rate recorded just previously for the same plant when in dis- 
tilled water. With 0.01-M HCl and with 0.01-M KOH absorption was very 
soon retarded about 14 per cent, in calm air and about 16 per cent, in the 
4.4-mi. wind. This retardation cannot be regarded as due to osmotic influ- 
ence of the solutions, for the osmotic values of these were very much less 
than the osmotic pressures commonly prevailing in the cells of healthy 
roots Retardation supervened so quickly that it could hardly have been 
brought about through chemical effects of the solutes upon stem and leaf 
tissues after passage through the root cortex into the vessels. It was prob- 
ably due to some chemical influence of these substances on the cortical tissue 
of the roots, which resulted in increasing the resistance of that tissue to 
penetration of water through it into the vessels, or perhaps in decreasing 
the activity of that tissue in driving water into the vessels — ^if any such 
activity was present. Apparently HCl and KOH (or their ions) penetrated 
into the cortical cells of the roots almost instantly when the root system was 
placed in the acid or alkaline solution, there causing rapid and considerable 
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lowering of the absorbing capacity of the root surfaces. It is clear that such 
an increase in root resistance to water entrance would lower the hydrostatic 
pressure throughout vessels and foliar tissues, and retardation of transpira- 
tion would be expected to result, as through incipient drying of the leaves. 
We wish to emphasize merely that these very weak solutions of HCl and 
KOH did retard absorption promptly and considerably and that their pri- 
mary effect must have been chemical rather than osmotic, probably upon 
roots rather than upon stems or leaves. We have no evidence concerning 
their effect, if any, upon transpiration, but it may be presumed that water 
loss was retarded when root resistance to absorption was increased and 
absorption rate was reduced. 

With 0.4-M and 0.5-M solutions of sucrose and with 0.5-M solution of 
K^NOg, definite values for the absorption rate could not be obtained ; absorp- 
tion was immediately decreased to a marked degree, but its decrease, con- 
tinued for many minutes, at a progressively slower rate of retardation; i.e., 
the lag period was indefinite. Therefore the results obtained are no more 
than approximations. In these cases the new rate was recorded as that of 
the fifth 0.1 ml. removed from the potometer after the plant had been trans- 
ferred from water to solution. These more concentrated solutions were 
surely hypertonic to the root cells (25), for they were observed to produce 
flaccidity (plasmolysis) in the terminal regions of the ultimate root 
branches. 

The percentage retardations found for sucrose solutions with concen- 
trations of 0.1, 0.2, 0.4, and 0.5 were, respectively, 38, 54, 68, and 76 with 
calm air, and about the same with wind — ^namely, 41, 58, 71, and 70. The 
0.5-M concentration of KNOg, which was the only solution of this salt tested, 
gave retardation percentages of 62 (calm) and 75 (wind). These per- 
centages are similar to those observed with 0.4-M solution of sucrose. 

Prom the results reported by many writers on plasmolysis and turgor 
changes induced by solutions of sucrose and of KNOg, it seems safe to sup- 
pose that the absorption retardations produced by these substances in our 
tests were primarily due to osmotic rather than to chemical characteristics 
of the solutes in question. Our thought is that the retardations observed 
with the weaker sucrose solutions may represent nothing more than the effects 
of environmental osmotic resistance to water absorption by the plant roots, 
somewhat as though the roots had been brought into soils of inadequate 
water-supplying power. In the stronger solutions root injury was probably 
mainly or entirely due to hypertonic environmental osmotic pressure rather 
than to chemical stimulation or toxic influence. 

It is clear from the percentage values just set forth that, for a given set 
of air conditions, absorption was slower as the sucrose solution was more 
concentrated, but it is equally clear that retardation of absorption was not 
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proportional to sucrose concentration nor to the osmotic value of the sucrose 
solution used. As has been noted, the full effect of the higher concentrations 
of sucrose was not registered, which may have been due, in greater or less 
degree, to slow penetration of this eminently non-toxic substance into the 
root cells and even beyond them. 

The brief report of Livingston, Hemmi, and Wilson (8), concerning 
their experiments on the hydrostatic relations of soil moisture to plant 
growth and to the water-supplying power of the soil, suggested that a mer- 
cury barostat might be employed to maintain low hydrostatic pressures in 
our culture bottles, thus substituting the hydrostatic influence of a mercury 
column — as in Livingston porous-porcelain auto-irrigator (6) and in 
Wilson's (18) and Richard's (13) irrigator pots — ^for the above-mentioned 
osmotic influence of sucrose solutions. This suggestion proved imprac- 
ticable however; with a mercury column exerting a suction of 0.1 atmos- 
phere on the nutrient solution in the culture bottle, the rate of absorption 
by the plant was not appreciably reduced, and when the barostat was ar- 
ranged to give a suction of 0.2 atmosphere, air found its way into the bottle, 
via lenticels of that part of the plant stem which was within the bottle, and 
prevented potometric measurement of the absorption rate. As has been 
seen, our plants absorbed water regularly from sucrose and KNOg solutions 
representing osmotic pressures much greater than 0.2 atmosphere, and it 
seems certain that regular absorption from weak nutrient solution with 
greatly reduced (or even negative) hydrostatic pressure might have oc- 
curred had it been practicable to prevent air entrance into our apparatus 
from the plant. 

These relations concerning the lag in potometer response to wind and to 
changes in the characteristics of solutions about the plant roots may be 
worthy of much more elaborate and prolonged experimental analysis. 
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HYDROGEN ION CONCENTRATION AND SEXUAL EXPRESSION 
IN LYCHNIS DIOICA h} 


J. Fisher Stanfield 
(with two FiaURES) 

Introduction 

Considerable work has recently been done on the physico-chemical differ- 
ences between staminate and pistillate plants of dioecious species in an 
attempt to formulate an objective statement of the chief sexual contrasts 
(4, 19, 26, 27, 28), Although not purely physico-chemical in nature, 

closely related work stresses the genetical and morphological aspects of the 
problem (2, 3, 8, 20, 22, 37). Earlier physico-chemical investigations most 
commonly involved gross analyses either of entire plants or tops, little study 
having been made of separate parts or localized tissues. Hydrion studies, 
like other determinations of tissue fluids, have generally been limited to 
analysis of sap expressed from entire tops of the two sexes, a procedure 
which leaves much to be desired as to precision and reliability. The general 
usefulness of recently developed vital staining techniques and of micro- 
chemical tests on living tissues suggested that their application to dioecious 
plants might improve materially our present understanding of the physi- 
ology underlying sexual dimorphism, especially if such determinations were 
compared with analyses of expressed sap. 

Methods 

Initial determinations reported herein involved tests on sections of liv- 
ing material by the range indicator method (R.I.M.) of Small (29) and on 
sap expressed from entire tops, minus buds and flowers. Only leaves were 
available in the rosette plants since no obvious stem had developed. 

The range (6, 29) of the indicator used (flg. 1) was determined potenti- 
ometrically in well-buffered solutions. No arbitrary ranges were set. In 
each case the pH range given represents the definite appearance of the color 
which is indicative of the pH in question. This color is taken from a very 
thin layer of the indicator which will account for any variations from the 
standard ranges which are determined with a much thicker layer of liquid. 
Thus, for example, orange appears to be yellow when viewed in a very thin 
layer. Indicators in 5 per cent, alcohol were used in concentrations of 0.01 
to 0.04 per cent. Free hand sections of fresh tissues were used and checked 
with control sections for natural coloration. The sections were left in the 
indicators for 8 to 10 hours. All collections were made in the morning 
I Contribution no. 52 from the Biological Laboratories of Knox College. 
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Flo. 1. Bangea and colors of indicators used in determinations of pH by the range 
indicator method. The critical ranges are indicated by black bars. 

* 

before nine o’clock. Examinations of the tissues were made under the low 
power of a microscope by means of artificial light to insure uniformity. A 
Corning glass globe with a clear, blue Mazda lamp of 75 watts was used as 
a source of light. No coverslip was used over the sections owing to the pos- 
sibility of acidification. A culture slide with a coverslip may be used satis- 
factorily however. Since this method seeks merely to determine the ap- 
proximate range of pH, only definite colors were required, these colors being 
the end points given (fig. 1). 

Further comments on this method and its results are given in an earlier 
paper by the writer and others (6, 18, 24, 30, 31, 34 35, 36) . A complete 
and critical description of the E.I.M. has been given by Small (29). 

In making tests potentiometrically on expressed sap all materials were 
frozen for several hours in dry ice in a specially constructed container. The 
sap was extracted by means of a hydraulic cylinder press under approxi- 
mately 10,000 lb. per square inch. Determinations were made immediately 
after extraction. In all comparative determinations made, the plants of 
opposite sexual expression were grown and tested under identical conditions. 
Lyehms dioica was selected for these studies because of the marked sexual con- 
trasts of the plant, its definite dioecism, the infrequency of sex reversals, and 
the abdndant previous work on the cytology of sex in the genus. Physiologi- 
cal study supplemental to existing eyto-anatomical data is required to clarify 
the functional changes preceding the anatomical transitions of the two sexes. 
Such studies should enhance our understanding of sexual differentiation 
and its ultimate expression in this species in pistillate and staminate parts 
each with its characteristic metabolism. 

The data from the various testa are presented under two main headings : 
(1) range indicator tests, and (2) potentiometric tests. 
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Data 

Range indicator method determinations 

Comparative pH differences by the use of the range indicator method 
are given (table I) for entire stems of actively blooming staminate and 


TABLE I 

DirrKBENCBS IN pH bangs op stem tissues op staminate and pistillate plants op 

Lychnib dioica L. 


Tissxtx 

Bangs op pH op plants 


Pistillate 

Staminate 

Epidermis 

pB 

3.8-5.2 

pE 

4.8-5.2 

Cortex 

4.8-5.2 

4.8-6.0 

SclereDchyma 

3.8-5.2 

4.8-6.2 

Pericycle 

4.8-5.2 

4.8-6.0 

Phloem 

4.8-6.0 

5.0-6.0 

Xylem 

3.8-5.2 

4.8-.5.2 

Pith 

4.8-5.2 

6.0-6.0 


pistillate plants. Tests were made on both sexes of 20 different plants 
grown in the greenhouse. The figures given represent the definite tendency 
in terms of the R.I.M. In general, the staminate tissues show a higher pH 
than the pistillate in practically every case. The epidermis, sclerenchyma, 
and xylem are always more acid than the other tissues in the stems of both 
sexes. The test on the phloem represents a regional reaction rather than 
that of a specific tissue. 

Comparative data for staminate and pistillate fiowers are given (table 
II). Photomicrographs of the flowers indicate the relationship of floral 
parts used for the determinations and comparisons (fig. 2). 

TABLE II 

Differences in pH range of flowers of staminate and pistillate plants of 

Lychnis dioica L . 


Pistillate flowers Staminate flowers 


Floral part 

Range op pH 

Floral PART 

Range op pH 

Placenta 

Vascular strands 

Ovule 

pH 

4.8-5.2 

5.0- 6.0 

6.0- 6.0 

Vasc^lft^* fttranilH 

pE 

5.0-6.0 

Pseudo-receptacle 

5.0-6.0 

Base of filament 

4.a-5.2 

Ovary wall 

4.8-5.2 

Base of petals 

4.S-5.2 

I Rudimentary pistil 

5.0--6.0 
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Fig. 2. Oroers-sectioiiB of Lychnis dioioa flowers. A. Cross-section of pistillate flower : 
1, ovary wall; 2, ovule; 3, vascular strands; 4, placenta. B. Cross-section of staminate 
flower: 1, base of petal; 8, base of filament; 3, pseudo-receptacle; 4, rudimentary pistil; 
5, vascular strands. 

It will be noted that in the staminate flower the receptacle and its associ- 
ated parts are more alkaline than either the stamen bases or the corolla 
lobes. The pH of. the rudimentary pistil found in the male flowers (7) 
is the same as that of the pseudo-receptacle although differentiated from 
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it morphologically. Owing to difficulties in preparing material, no tests 
were made on the calyx. The most striking condition noted in the tests 
on the pistillate flower is the alkidinity of the ovules and the vascular 
strands as contrasted with the ovary wall and the placenta. In all tests 
made, this relationship remained definitely established although subject to 
minor variations. It was found that certain parts of the flowers of opposite 
sexes have the same pH range. For example, the receptacle and vascular 
strands of the staminate flower show the same pH range as do the ovules 
and the vascular strands of the pistillate flower. In like maimer, the 
ovary wall of the pistillate flower and the base of the petals and stamen fila- 
ments of the staminate flower have identical pH ranges. The pseudo-re- 
ceptacle of the staminate flower is consistently higher in its pH range than 
the placenta of the pistillate flower. This is of some significance since these 
structures occupy the major portion of the central area of each type of 
flower and because their mass dominates the appearance of the entire cross- 
section. Contrary to the condition found in the stem tissues, studies of the 
floral parts, as indicated above, do not show any consistent tendency toward 
a higher pH for either sex. Thus all differences must be expressed only in 
terms of individual floral parts, not in terms of the flower as an organ. 
Such differences in the various portions of the flower, however, are ex- 
tremely consistent and therefore of diagnostic value equal to any obtained 
through the study of stem tissues. 

POTENTIOMETRIC DETERMINATIONS 

In these tests, all parts of the plant above-ground were used with the 
exception of flowers and buds (table III). Lychnis is a long-day plant, and 

TABLE III 

DiFPEEBNOE in pH of EXPEBSSED sap of pistillate and STAMINATE PLANTS OF 

Lychnib dioica L. 


Mateeials tested 

pH 

Pistillate 

Staminate 

Rosette, pre-blooming stage, in greenhouse 

6.8 

6.8 

Young plants, early blooming stage, in green- 
house 

6.4 

6.0 

Actively blooming stage, in greenhouse 

6.6 

5.5 

Late blooming stage, in greenhouse 

6.3 

5.0 

Post-blooming stage, in greenhouse 

6.7 

. 6.8 

Late bloominir atacre. in irarden 

5.9 

5.1 


it is thus possible to keep it in a vegetative, or rosette, stage indefinitely by 
growing it under short-day conditions where the day length is less than 
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13-14 hours. Such plants can be grown in all seasons under the usual 
greenhouse conditions of light and temperature. The plants listed as ro- 
sette plants had thus shown no sexual differentiation and were forced into 
bloom and the sex determined after these tests were made. This would 
indicate what their sex would have been if they possessed certain inherent 
qualities in the rosette stage which would predetermine their sexual expres- 
sion when forced into bloom. Before sexual differentiation, there is no dif- 
ference in the pE, and the same is true for the post-blooming stage. It is 
only in the blooming stage that a difference in the pH occurs. The pistillate 
plants are always more alkaline than the staminate in all stages of flowering 
and under all growth conditions. The floral parts were not included in 
making these tests. 

There was a pronounced drop in the pH of the staminate plant upon 
blooming. The tests, as a whole, run somewhat higher in their pH tlyin do 
the tests on similar plants with the B.I.M. An increase in acidity concomi- 
tant with the age of blooming plants is noted, particularly in the staminate 
plants. Young plants 10 to 14 weeks of age which have just come into 
bloom, as a rule, show a higher pH than do those which have been blooming 
for a longer period. During the blooming period, all such plants, regard- 
less of sex, are more acid than any plants during either their pre- or post- 
blooming existence. Again this is more striking in the case of the males. 

Discussion 

Few available data deal with the physiological properties of Lychnis. 
Keegan (17) worked with this plant, but none of his analyses apply in any 
way to the dioecious condition found in this form. No comprehensive study 
of the physiological aspects of sex differentiation in this plant have been 
found in the literature, and hence comparison is possible only with the re- 
sults obtained from other plants. I Satina and BijAkesi;eb (26), in their 
work on the biochemical difference^etween sexes in green plants, found 
that the female plants of Bhamwus, Morus, Ailanthus, and Rumex were 
higher than the males in total acidity as determined roughly by titration 
with potassium hydroxide. pH determinations on the sap of Rhamnus, 
Moms, and Cmndbis showed no significant sexual differences. Hoxmeiek 
(13), in an unpublished work on the buffer capacity in relation to sex in 
dioecious plants, found that the expressed sap of mature male plants of 
hemp (Cannabis sativa) was more acid than that of the female and had a 
better buffer capacity. The buffering was more marked against acid than 
base. TalijEt (32), in a study made on the same plant, found that the 
males were more acid and better buffered than were the females, although 
the females fluctuated less in their pH. He worked only with fully matured 
plants. In a later work (38) he also found the active acidity of expressed 
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sap of staminate plants to be greater than that of female plants. Loehwing 
(19) found that the tops of 15-week-old spinach plants were slightly more 
acid in the case of the female plants. Likewise in hemp he found that the 
tops of 10- week-old plants showed a slightly higher pH for the males. This 
difference was still more marked in plants 7 weeks of age. Such potenti- 
ometric studies show that the different sexes of some dioecious plants vary 
in their respective concentrations of hydrogen ions. The pH as such is no 
criterion of sex in general but in comparative tests on opposite sexes of the 
same species differences are shown. 

Atkins (1), using micro-colorimetric methods for the determination of 
pH values, found that the xylem was more acid than the pith and medullary 
rays, and that the midrib of the leaf was more acid than the parenchyma. 
Rogers and Shive (24) , using the R.I.M., noted that the pith, phloem, and 
cortex were more alkaline than the other tissues in the stem of Oxalis; the 
pJ?4oem, in particular, was more alkaline in the stems of Bumex and Zea. 
A review of the literature would indicate that Small and his collaborators 
(29), in their use of the R.I.M., have the most extensive and detailed sum- 
mary of the results on the variation of the pH of plant tissues. These 
results all indicate differences not only in the pH of extracted sap of plant 
organs but also in the tissues of these organs by means of the R.I.M. It is 
thus to be expected that similar variations might be found in the determina- 
tions given herein, and such is the case. 

The results of the present study show (table III) that in actively bloom- 
ing plants of Lychnis, the expressed sap of the staminate plants is more acid 
than the sap of the pistillate plants, A similar condition with regard to the 
expressed sap of Cannabis was found to exist by Hoxmeibr (13) and Tal- 
ley (33). Both of these workers used the entire plant above-ground. 
Loehwing (19), however, found that, in the case of spinach, the pistillate 
plants were slightly more acid than the staminate, and in hemp he found 
the same. Such variations in the findings might be due to factors in the 
environment under which the plants were grown, since methods of testing 
were the same. Similar methods were followed by the writer. It might 
also be due to the parts of the plants used for testing, and their age. These 
are both variable factors (6, 9, 10, 11, 14, 16, 21) . More data are necessary 
to evaluate these studies. Satina and Blakeslee (26) found no signifi- 
cant sexual differences in the pH of the sap of some plants studied {Bhamnus, 
Morns, and CannaUs), The above records show varying results as regards 
the consistency of the correlation of the pH of extracted plant ^ps and of 
their sexual expression in the various genera tested. It is to be noted, how- 
ever, that in Lychnis^ during the blooming period, the staminate plants, 
consistently and under all conditions of growth, have a lower pH than the 
pistillate plants and thus are more acid. In every case, plants compared 
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were grown and tested under identical conditions. On the other hand, 
Lychnis shows no difference in the pH of the esdracted sap from rosette 
plants which hare not as yet showed any sexual differentiation. The same 
lack of contrast holds true for the plants during the post-blooming stage. 
The increase in acidity of plants concomitant with their blooming is quite 
obvious when compared with the pre- and post-blooming stages. The actual 
increase in acidity in the staminate plants is much greater than that found 
in the pistillate plants. The male plant characteristically remains below 
neutral in its pH and is thus always on the acid side, according to both the 
potentiometric method and B.I.M. 

No previous work has come to the writer’s attention which treats of the 
B.I.M. for determining the pH of cells and tissues in Lychnis dioica L. ex- 
cept the work of Small (29) and Bea and Small (23). Their determina- 
tions did not deal with possible correlations of hydrion concentration with 
sex in dioecious forms but were confined to tissues within the stem and 
flower respectively. In using the B.I.M. it is found that, in general, the 
stem tissues of the pistillate plants are more strongly acid than those of the 
staminate. In both sexes, however, it is clearly demonstrated that the epi- 
dermis, xylem, and sclerenchyma are more acid than the other tissues of 
the stem. This condition seems to be rather general in the stems of plants, 
according to Atkins (1), Small (29), and Eoqbes and Skive (24). It 
may result from a more acid condition of their cell walls due to lignifica- 
tion. The fact that the phloem and pith showed the least acid tendencies 
correlates well with the observations of Small (29) on the Caryophyllaceae, 
to which Lychnis belongs. A similar condition was found in Oxalis, Bumex, 
and Zea by Booers and Skive (24). 

There are many factors to be considered in any comparison of the poten- 
tiometric method and the B.I.M. of hydrion determination. This is shown 
by the fact that the stems of the staminate plants have, in general, a pH 
higher than that of the stem of the pistillate plants with the B.T.M. Oppo- 
site results are obtained with expressed sap. That is, the major tissues of 
the stem of the two sexes show differences by the use of the B.I.M. that are 
not obvious in potentiometric determinations on the expressed sap of such 
a highly differentiated organ. This should not invalidate either of the re- 
sults, because the ranges obtained with the B.I.M. are quite large and very 
nearly include the limits of the variation shown between the two sexes by 
the potentiometric determinations. It is probable that a refinement of the 
B.I.M. with smaller and more definite categories would give results more 
directly comparable to those obtained by the use of the potentiometric 
method, but a detailed discussion of the comparative worth of the two 
methods of testing is beyond the scope of this work. Small differences in 
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the pH are often diflleult to distinguish by the E.I.M. due to the inability 
of the observer to dilferentiate color values in certain ranges. 

Certain definite and consistent drSerences between the pH of tissues can 
however be demonstrated within the organs of plants by means of the 
The strikingly acid condition of the woody and cutinized tissues of the stem 
cannot be shown in expressed sap from crushed whole stem. These tissues 
would yield little sap in comparison with the more succulent parenchyma- 
tous tissues which normally show a higher comparative pH by the R.I.M. 

Comparative studies of the floral sections by the R.I.M. indicate a more 
alkaline tendency in the staminate tissues. This alkalinity is conducive to 
an increased oxidase activity since this enzyme complex is known to func- 
tion more effectively at or above the neutrality point. Determinations made 
by the writer on sap expressed from the floral buds of both sexes are in 
agreement with this fact since the staminate buds show a much greater oxi- 
dizing power than do the pistillate. The higher pH of the expressed sap 
of entire plants, minus buds and flowers, concomitant with femaleness in all 
stages of blooming, is also in agreement with this general tendency. In 
each of the three stages of blooming studied (table III) the pistillate plants 
were found to have a higher pH and to be higher in oxidase activity. (Un- 
published data.) It has been further noted that the floral buds differ in a 
striking fashion from the vegetative parts in their oxidizing powers. The 
staminate plant has the higher rate of the two in the floral buds, while the 
pistillate plant has the higher rate in the vegetative parts. The high degree 
of correlation found in these tests lends further support to the correctness 
of the general relationship between hydrion concentration in tissues and 
their oxidase activity. The greater acidity of the pistillate flower, as shown 
by the R.I.M., appears to be due to the greater amount of oxalic acid in its 
major tissues, since the placenta and wall of the ovary with a low pH con- 
tain more calcium oxalate crystals than analogous parts of the staminate 
flower. 


Summary 

Range indicator data 

1. The acidity of various tissues of the staminate and pistillate plants of 
Lychnis dioica was determined by means of the range indicator method, using 
a series of suitable indicators. Sections of the living stems and flowers were 
microscopically compared. 

2. In both sexes, the xylem, epidermis, and sclerenchyma were con- 
sistently more acid than the other tissues of the stem. The phloem and pith 
were consistently more alkaline than the other tissues. 

3. In general, the stems of the staminate plants show a higher pH than 
those of the pistillate, viz., a more alkaline tendency in all tissues. 
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4. The ovules and vascular strands connected with them are consistently 
more alkaline than other tissues of the ovary, 

5. The ovary wall in the pistillate flower, the base of the stamen filament, 
and the base of the petals in the staminate flowers show a consistent similar- 
ity in the pH range. 

6. The pseudo-receptacle of the staminate flower is always more acid than 
the placenta of the pistillate flower. 

7. No general pH range can be said to differentiate staminate from pistil- 
late flowers except by reference to individual tissues mentioned above. 

POTENTIOMBTBIC DATA 

1. Comparative tests were made on the expressed sap of Lychnis dioica 

L. by meatis of the potentiometer. The entire plant above-ground was used, 
with the exception of flowers and buds. * 

2. In the actively blooming stage, the expressed sap of the staminate 
plants is consistently and under all conditions of growth more acid than that 
of the pistillate plants. No recognizable differences in the pH are noted in 
either the pre- or the post-blooming stages. 

3. A general increase in acidity is noted, concomitant with blooming, in 
both sexes. The staminate plants become more acid than do the pistillate. 

4. No correlation between any definite pH range and the expression of 
maleness or femaleness is to be noted in these potentiometric determinations. 

5. In general, there is an increase in acidity with age in plants of both 
sexes during the blooming season. The younger plants are less acid. 

The writer wishes to express his appreciation to Dr. W. P. Loehwing, 
State University of Iowa, for suggestions and criticisms offered in the course 
of this study. 

Ekox Oollxqe 

GaiiSsbubg, Illinois 
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NITROGEN IN RELATION TO THE GROWTH OF CITRUS 
CUTTINGS IN SOLUTION CULTURES 

A , B . C . Haas 

(with five mgurbs) 

The commercial culture of citrus in most soils of California requires 
some form of nitrogen fertilization. Under certain conditions nitrogen 
may be readily carried to depths below the root zone. In addition, with 
trees of large size it is frequently difficult to maintain appreciable concen- 
trations of nitrate in the soil solution on account of the large nitrogen 
requirement of the trees (6). 

A healthy state of growth in citrus trees frequently is associated with 
an extremely low concentration of nitrate nitrogen in the soil, and a poor 
state of growth with a relatively high concentration. In the former case 
the nitrate is rapidly absorbed while in the latter it is absorbed very slowly 
because of high concentrations of chlorides or because of some other unfavor- 
able condition. 

It is desirable, on account of the cost, to keep the nitrate level as low as 
is consistent with a healthy growth response. In the effort to accomplish 
this it is possible that the roots during certain periods may be bathed by a 
soil solution containing little, if any, nitrate or other forms of nitrogen. It 
has been shown that the growth of citrus in solution cultures is benefited 
by the temporary depletion of certain elements (3). The length of such 
depletion period, however, and the nature of the other ions in the solution, 
determine in a large measure whether or not actual injury shall follow. 

Deficiency of nitrogen in solution cultures 

Rooted leafy-twig cuttings of rough lemon were grown in a culture 
solution of the following composition (p.p.m.) ; 

Na K Ca Mg Cl NO, SO, PO, B Mn Fe 

7 185 159 54 10 718 216 105 0.5 6.2 0.1 

Five-gallon capacity shallow enamelware pans were used for the cultures 
and the solution was not otherwise aerated. It was found by testing the 
culture solution that nitrogen was the first element to become depleted. 
The culture solution^ was renewed at frequent intervals and the cuttings 
were grown until they were about four feet high. 

1 In all cultures reported in this paper, phosphate was added for a short time prior 
to the renewal of the culture solution. When phosphate was absent, 5 p.p.m. of alundnum 
was added in the form of the citrate to the culture solution. 
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When this growth was attained, the culture solution was not renewed. 
After a time, the nitrate became fully depleted while a considerable amount 
of calcium was still present in the culture solution. This condition was soon 
followed by a marked response in the appearance of the cuttings. 

The roots became gelatinous and bluish in color. The tops showed no 
immediate effect, although there was a gradual loss of leaves during the 
period of equilibrium restoration between the top and root. The odor of 
decomposing roots was strong for some distance away whenever a culture 
vessel cover was momentarily lifted. At this stage, a solution of calcium 
nitrate was added to the unchanged culture solution sufiBcient to increase 
the calcium content by 159 and the nitrate nitrogen by 493 p.p.m. 

Overnight the odor of the solution disappeared, the colloidal matter in 
the culture solution settled, and within a few days new growth was evident 
in the older portion of the root system as seen in figure 1. The gelatinous 
disintegrating portion gradually separated from the living portion of the 
root system and settled. 

Figure 1 A shows the darkening and collapse of the roots after the nitrate 
nitrogen in the solution was depleted. The effectiveness of adding calcium 
nitrate to the unchanged culture solution may be seen in the initial growth 
of white root tips from the live older portion of the root system. Figure 
1 B shows a stage in the later growth of the new roots and illustrates the 
sloughing away of the gelatinized portions. Control cultures developed 
excellent roots that did not undergo these changes. In these control cultures 
the renewal of the solutions was not interrupted except in a few cultures in 
which the occurrence of a period of nitrate deficiency was avoided by the 
addition of calcium nitrate to the unchanged culture solution. It should 
be stated, although the causes are not understood, that the growth of citrus 
cuttings is considerably better in solutions that are frequently changed than 
in solutions less frequently renewed but in which attempts are made to main- 
tain given concentrations of certain elements. Causes for such a difference 
may be found to be associated with the concentrations of the so-called minor 
elements or of toxins in the solution. 

The effect of a nitrate-nitrogen deficiency on the roots of leafy-twig 
cuttings of Lisbon lemon grown in culture solution is seen in figure 1 C. 
The cuttings were grown for a year without a period of nitrogen deficiency 

Fig. 1. Nitrogen-deficiency and recovery effects in the roots of citrus cuttings grown 
in solution cultures. A, gelatinization of rough lemon roots in the absence of nitrogen 
and the initial stage of new root growth following the addition of calcium nitrate to the 
unchanged nitrogen-depleted culture solution. B, a later stage in the growth of the now 
roots which is accompanied by the sloughing away of gelatinized roots. 0, similar effects 
on roots of cuttings of Lisbon lemon in which the period of nitrogen deficiency was not 
prolonged. 
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bdcaufi^ of tlie frequent renewal of the culture solution. Nitrate was then 
allowed to become deficient in the maimer previously described- The 
period of nitrogen defickney was not unduly prolonged before calcium 
nitrate was added to the unchanged culture solution* New root growth 
from the living or least injured portion of the root system (fig. 1 C) 
indicated the beginning of the recovery process. 

Cuttings of Valencia orange as scion, on cuttings of rough lemon as stock, 
were grown for a year in a culture solution containing nitrate nitrogen, 
and then were grown in a culture solution containing no nitrogen. The 
composition of the nitrate-free culture solution was' as follows (p.p-m.j ; 

Na K Ca Mg Cl NOg SO^ PO 4 B Mn Fe 

7 185 159 54 280 0 216 105 0.5 6.2 0.1 

The deficiency was allowed to continue until the growth of the roots w^as 

definitely at a standstill before calcium nitrate was added to the solution. 
The addition of nitrate prevented the collapse of the roots. The deficiency 
of nitrogen, though not for a period of sufficient duration to destroy the 
root system, nevertheless severely injured it. The youngest roots failed to 
respond to the addition of the nitrate. The growth response in the root 
system during the following year was, therefore, entirely from the older, 
less injured roots. 

It was found that small, freshly-rooted cuttings of rough lemon were 
able to withstand a nitrogen deficiency for a long time when placed directly 
into the nitrate-free culture solution. The new top growth, if any, was 
uniformly pale green in color. When cuttings were grown to a considerable 
size in culture solutions containing nitrate nitrogen and were then grown 
for a sufficient time in a nitrogen-deficient solution, the roots were injured 
and the leaves reflected the root condition. The leaves in such cases became 
pale green, and the veins light colored (fig. 2 A) which usually signifies 
that the root system is injured. This light-colored vein condition is readily 
distinguishable from the effects known as chlorosis (fig. 2 B) in citrus leaves 
in which the veins are green while the remainder of the blade assumes a 
yellowish green color. Chlorosis may be brought about in many ways, 
chief among which is the factor of pH. 

Nitrogen effects on the growth of cuttings 

Previous investigations (Haas, 2) have shown that certain forms of 
nitrogen, when continuously supplied to sand or soil cultures in amounts 
that insure the absorption of the nitrogen in an unchanged condition, are 
injurious to citrus, and produce leaf symptoms as evidence of such injury. 
Urea, cyanamid, dicyanamid, and closely related forms of nitrogen behave 
in this way. In view of the fact that little, if any, knowledge exists in 
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Fig. 2. Nitrogen-deficiency effects compared with those of chlorosis in citrus leaves. 
A, leaf from a cutting of Valencia orange as scion on a cutting of rough lemon as stock. 
The cutting was grown for a year in a culture solution containing nitrate nitrogen and 
then in a similar solution lacking nitrogen. B, leaf from a cutting of Valencia orange 
affected with chlorosis as a result of a high pH value in a culture solution containing 
nitrate. Note the reverse condition of the veins in A and B. C, leaf from a cutting of 
Valencia orange grown in a control culture solution. 

regard to the effect of the form and concentration of nitrogen on the growth 
of citrus under controlled conditions, preliminary experiments were made 
in solution cultures as a basis for future investigations. 

Ammonia nitrogen 

Rooted ]eafy-twig cuttings of Lisbon lemon were grown from September 
19, 1934, to April 25, 1935, in 5-gallon capacity shallow enamelware pans. 
The culture solution used had the following composition (p.p.m.) : 

Na K Oa Mg Cl SO* PO* B Mn Fe 

3.5 71 159 27 275 156 105 0.5 6.2 0.1 

The alternation of phosphate with aluminum citrate was carried on as 
previously mentioned. Ammonium sulphate solution was added to the 
culture solution in order to secure the following concentrations of nitrogen : 
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0, 1, 2, 3, 5, and 10 p.p.ni. The culture solutions were renewed every few 
days and the pH was maintained at 6 to 6.5 by means of a solution of calcium 
hydroxide. 

Growth of the tops was increasingly better as the nitrogen content of 
the solution increased (fig. 3). The root system was somewhat larger at 



Fio. 3. Growth of leafy-twig cuttings of Lisbon lemon m solution cultures to which 
vanouB concentrations (p.p.ni ) of nitrogen were added in the form of ammonium sulphate. 

the lower than at the higher nitrogen concentrations. In the low nitrogen 
cultures, some of the leaves showed dight evidence of sulphate excess (Haas 
and Thoiias, 4). This is difiScult to avoid because of the low nitrogen- 
sulphate ratio. Furthermore the absorption of ammonia in the absence of 
nitrate may not be entirely without injurious effects. In fact, the citrus 
leaves were yellowish-green in color regardless of the iron supply. The 
cuttings had the appearance of being in need of nitrogen. These effects of 


H^S : NITROGEN AND GROWTH OF CITRUS CUTTINGS 169 

ammonium absorption agree with those obtained in soil cultures that were 
given daily applications of dilute ammonia. In soil, the discontinuance of 
the ammonia treatment was followed by recovery as the nitrification of the 
ammonia progressed. 

In the present solution cultures, nitrate was not found in the solution 
at any time, and unless the ammonia was changed to the nitrate form as it 
was absorbed, the only conclusion possible is that these cultures were grown 
with enforced ammonia absorption. It is possible, therefore, that a given 
concentration of ammonium becomes less injurious as the solution or the 
plant contains increasing amounts of nitrate. Further investigation will be 
necessary to secure data on the ammonia-nitrate relationship. 

Nitrate nitrogen 

Other cuttings of Lisbon lemon were grown in a culture solution similar 
to that used for ammonia nitrogen. Nitrogen in the form of potassium 
nitrate was added to the culture solution in order to obtain the following 
concentrations (p.p.m.) : 0, 1, 2, 3, 5, 10, and 15. Figure 4 shows the 
resulting growth: that at 3 or 5 p.p.m. was greater than that at 1 and 2 
p.p.m. and less than that at higher concentrations. It is doubtful, there- 
fore, whether rapidly growing cuttings, such as lemon, can secure adequate 
supplies of nitrogen from solutions containing extremely low concentrations 
of this constituent. In the field, such low concentrations of nitrogen fre- 
quently are associated with a healthy vigorous growth in citrus but at some 
time prior during the year the nitrogen level in the soil far exceeded the low 
nitrogen concentrations. 


Nitrite nitrogen 

Nitrites have been reported (1) as occurring in considerable concentra- 
tion in certain soils. The chemical determination of nitrites in soils and 
plants is a diflScult one because of possible changes in the form of the nitrogen 
that may occur under certain conditions. There has long been a suspicion 
that nitrite in the field at times may reach concentrations injurious to citrus, 
but proof of this contention is lacking. Experiments jn which solution 
cultures were used, furnish data regarding the effect of nitrites on citrus. 

Booted leafy-twig cuttings of Lisbon lemon were grown from July 23, 
1934, to March 22, 1935, in solution cultures in 5-gallon capacity shallow 
enamelware pans. The culture solution contained (p.p.m.) : 

Na K Ca Mg Cl NOs SO^ PO 4 B Mn Fe 

7 185 159 54 10 785 216 105 0.5 6.2 0.1 

The aluminum-phosphate relation was maintained as previously. A solu- 
tion of potassium nitrite was added to the culture solutions in order to secure 
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Fig. 4, Growth of leafy twig cuttings of Lisbon lemon in solution cultures contain- 
ing various concentrations (p.p.m.) of nitrogen added in the form of potassium nitrate. 

the following concentrations of nitrite (p.pm.) : 0, 5, 10, 15, and 25. The 
solutions were renewed every few days The nitrite concentrations were 
maintained by testing the solutions and adding nitrite as required. The 
rapidity of change of nitrite to nitrate was retarded by maintaining the 
pH of the culture solutions in the range 7 to 7.5 by means of a solution of 
calcium hydroxide. Even so, the nitrite content of the solutions changed 
considerably within the course of a few days. 

Figure 5 A shows the growth made by the cuttings in solutions contain- 
ing various concentrations of nitrite. The control cultures were not dis- 
tinguishable from the cultures that received 5 p p.m. nitrite and hence are 
not shown in the figure. It is significant that the presence of 785 p p.m of 
nitrate has not prevented the nitrite from seriously interfering with the 
growth of lemon cuttings. It is not known whether the injury would have 
been greater in the presence of a smaller concentration of nitrate. 
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Pig. 5. Effect of various concentrations (p.p.m.) of nitrite on the growth of cuttings 
of citrus in solution cultures. A, Lisbon lemon , B, Valencia orange. 


In a manner similar to the procedure just described for Lisbon lemon, 
rooted leafy-twig cuttings of Valencia orange were grown from October 26, 
1934, to April 25, 1935, in solutions containing nitrite. As shown in figure 
5 B the growth of the roots was interfered with when the concentration of 
nitrite exceeded 5 p.p.m. The cuttings in the control cultures were not 
different in appearance from those grown with 5 p.p.m. nitrite. Above 5 
p.p.m. nitrite, the finely divided roots were usually dark in color and finally 
became somewhat gelatinous. Recovery was rapid when nitrite additions 
were withheld. The injury brought about by the presence of nitrite is not 
characterized by symptoms that are more or less specific, hence the diagnosis 
and the appraisal in the field of the injury for which nitrite is responsible 
are at present obscure. 


Summary 

1. A preliminary study was made of the growth of citrus cuttings in 
solution cultures with various forms and concentrations of nitrogen. Such 
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a study becomes of importance because the commercial culture of citrus in 
most soils of California requires some form of nitrogen fertilization, 

2. Booted leafy-twig cuttings of rough lemon or Lisbon lemon were 
grown in a so-called complete culture solution until the cuttings were several 
feet high. Depletion of the supply of nitrogen was then followed by a 
collapse of the root system accompanied by a corresponding loss of affected 
leaves. The addition of calcium nitrate to the nitrogen-depleted cultures 
brought about a recovery that varied with the degree of injury. A dis- 
tinction is shown to occur between the appearance of citrus leaves in need 
of nitrogen and that due to chlorosis as a consequence of pH. 

3. The tops of cuttings of Lisbon lemon grown in solution cultures with 
ammonium as the only source of nitrogen were larger with increasing con- 
centrations of nitrogen. The leaves had the appearance of being in need 
of nitrogen. 

4. The growth of cuttings of Lisbon lemon was greater with increasing 
concentrations of nitrate as the source of nitrogen in the culture solution. 

5. It is doubtful whether rapidly growing cuttings of citrus can secure 
adequate supplies of nitrogen from solutions containing extremely low 
concentrations of this constituent. 

6. Concentrations of nitrite above 5 p.p.m. in culture solutions that con- 
tain 785 p.p.m. of nitrate, were distinctly injurious to the growth of cuttings 
of Lisbon lemon and Valencia orange. 

University or Calipornia Citrus Experiment Station 
Eiverside, California 
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EFFECTS OF PHOSPHORUS AND LIME IN REDUCING ALUMINUM 
TOXICITY OP ACID SOILS' 

Kenneth E. Wright 

Introduction 

There is a wide divergence of opinion as to the cause of the toxic effects 
of acid soils upon the growth of certain species of plants. By some this 
toxicity is attributed to acidity per se. The majority of investigators be- 
lieve this toxicity is due primarily to the presence of soluble aluminum salts 
in the soil. Various investigators have shown that this toxic effect of acid 
soils can be overcome by the application of lime and of superphosphate in 
rather large amounts. The beneficial effects of these treatments have been 
variously attributed: (1) to supplying essential elements that are deficient 
in the plant ; (2) to changing the soil reaction to a pl£ range that is favorable 
for plant growth ; (3) to rendering aluminum inactive because of precipita- 
tion in the soil ; and (4) to eliminating the toxic action of aluminum by sup- 
plying phosphorus in sufficient amounts both to precipitate aluminum within 
the plant tissues and, in addition, provide sufficient quantities for normal 
plant metabolism. This work was undertaken in an attempt to clarify the 
conflicting viewpoints just listed. 

Soil culture experiments with beets 

It was desirable to find some calcium salt that could be added to an acid 
soil without appreciably changing its pll and yet supply calcium to the 
plant. Thus the role of calcium as an essential element could be compared 
with its role in reducing acidity. Samples of an acid soil were variously 
treated with different amounts of calcium lactate and calcium acetate alone 
and in combination with different amounts of calcium, magnesium, and 
sodium carbonates. As a result of this experiment it was decided that the 
application of calcium lactate would be the most suitable for use in the re- 
duction of toxicity as it did not appreciably alter the pH of the acid soil and 
yet its application resulted in plants that showed a better development than 
those grown in the untreated acid soil. In addition to the calcium lactate 
treatment acid soil was treated with lime and with superphosphate. Beets 
grown in untreated acid soil were used as a cheek. 

Determinations of calcium, magnesium, phosphorus, and total nitrogen 
in the plant and nitrates in the soil were made according to the standard 
methods as described by the Association op Official Agricultural Chem- 
ists (1), Plant nitrates were determined according to the method of Peear 

^ PubHshed as contribution no. 494 of the Rhode Island Agricultural Experiment 
Station, Kingston, B. I., by permission of the Director of Research. 
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(3) and total sugars and reducing sugars by the method described by 
ScHLENKBR (7). The hydrogen ion concentration was determined by the 
electrometric method using a quinhydrone electrode with a saturated calomel 
half-cell. The results of the various analyses are shown in table I. 

It is evident that pH as such is not a limiting factor in growth as the 
superphosphate treatment resulted in a vigorous growth of plants in contrast 
to the very poor development of plants grown on the acid soil, although the 
difference in soil pH of these two treatments was negligible. Furthermore, 
the calcium lactate treatment resulted in plants which showed a better gen- 
eral development than those of the acid soil without an appreciable change 
in pH. 

A high calcium content of the plants grown in the acid soil indicates that 
a deficiency of calcium as an essential element cannot be considered as a lim- 
iting factor in growth. This is further supported by the fact thab those 
plants grown with the calcium lactate treatment contained more calcium than 
the plants grown with the lime treatment, the former, however, being com- 
paratively retarded in development. 

TABLE I 

Analytical results or soil culture experiments with beets 


Soil treatments 

Check 

Lime 

Calcium 

lactate 

Super- 

phosphate 

Ca in dry matter (%) 

1.42 

3.41 

1.59 

2.08 

Mg in dry matter (%) 

0.93 

0.92 

1.28 

1.40 

P in dry matter ( % ) 

0.24 

0.61 

0.50 

0.68 

NO* in dry matter (p. p. m.) 

264 

1080 

352 

1140 

Total N in dry matter (%) 

2.98 

3.85 

2.87 

3.35 

Beducing sugars in dry matter ( % ) ... 

0.86 

0.60 

0.38 

0.79 

Total sugars in dry matter ( % ) 

1.54 

1.09 

1.20 

3.22 

Beducing sugars — ^juice (%) 

' 1.35 

0.33 

0,30 

0.21 

Total sugars — ^juice (%) 

; 1.48 

0.36 

' 0.34 

0.29 

NOs in soil (p. p. m.) 

7th week 

48 

40 

22 

56 

8th 

60 

28 

14 

60 

pH of soil 

4.32 

6.38 

4.47 

4.49 


The analyses indicate that photosynthesis apparently was not retarded 
because of a lack of magnesium, as the magnesium content of the plants 
grown in acid soil compares favorably with that of the limed flat. Moreover, 
there is an accumulation of both total and reducing sugars in the poorly 
developed plants grown in the acid soil, indicating that the carbohydrates 
manufactured are act being utilized by the plant. A deficiency of total 
nitrogen, of nitrates, and of phosphorus, in the plants from the acid soil 
reveals possible causes of retarded growth on acid soil. 
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Drip culture experiments with beets 

In order to determine the effects of nitrate deficiency, phosphorus defi- 
ciency, and the presence of aluminum upon the growth of beets three series 
of drip culture experiments were conducted. The three series of standard 
culture solutions used consisted of one series in which nitrates varied from 
0 to 108 p. p. m. ; of a second series in which phosphorus varied from 0 to 
10 p. p. m. ; and of a third series in which aluminum varied from 0 to 12 
p. p. m. Nitrate-deficient plants before death turned yellowish and then 
brown. The retarded plants in both the aluminum and the phosphorus- 
deficient series became a solid dark purple-red in color and quite brittle in 
texture. The symptoms were identical with those produced in the beets 
grown in the untreated acid soil. These solution culture experiments indi- 
cate that the lack of phosphorus in a form available for plant utilization is 
the chief causal factor for the limited growth of beets grown in the previ- 
ously discussed soil culture experiments, and that there is a connection 
between a lack of phosphorus and the presence of aluminum. 

Drip culture experiments with barley 

In order to determine whether phosphorus is precipitated in the soil by 
aluminum or whether phosphorus is precipitated within the plant tissues, a 
type of experiment was devised in which a plant could have access to both 
aluminum and phosphorus but in which these two elements would not be in 
contact in the culture solution. This would prohibit their mutual precipita- 
tion in the culture solution. It wai decided to use barley for this experiment 
as its fibrous root system could be separated into two halves each of which 
could be immersed in a different culture solution. This would not be pos- 
sible in growing beets because of the tap root system. 

Preliminary drip culture experiments with barley showed that 5 p. p. m. 
of aluminum in Hartwell and Pember’s ( 4 ) culture solution was sufiS- 
ciently toxic to result in a considerable reduction in yield. When barley 
grown in the standard culture solution lacking phosphorus was compared 
with that grown in the presence of aluminum a decided similarity in symp- 
toms was evident. In both eases the roots were dwarfed, thick, and showed 
brownish discolorations. Under both conditions top growth was about 
equally reduced and a reddish discoloration appeared at the base of the stem. 

In the experiment in which the root system was separated into two por- 
tions, barley seedlings one week old were planted on the contacting edge of 
two adjacent containers, one-half the root system being placed in sand in each 
container. Each half of the root system in its container received a different 
culture solution by a constant drip from a reservoir. By thus dividing the 
root system it was possible, wherever desired, for the plants to have access 
to both aluminum and phosphorus in separate containers. Keeping these 
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two elements separate prevented aluminum from precipitating the phos- 
phorus in the culture solution. 

The various culture solution modifications used are shown in table II. 

At the end of an eight weeks’ growing period the plants were harvested 
in three fractions, consisting of the tops and each half of the root system, 

TABLE II 

COMPABISON or PHOSPHORUS AND ALUMINUM CONTENT OF BARLEY GROWN IN VARIOUS 

CULTURE SOLUTIONS 


Treatment 

Plant 

FRACTION 

analyzed 

Yield 

DRY 

WEIGHT 

BASIS 

OF NO. 2 

AS 100 

Phosphorus 

(DRY 

matter) 

Aluminum 

(dry 

matter) 



1 

% 

% 

% 

No. 1 






Standard culture solu- 


rieft 

9 

0.384 

0.069 

tion containing 

Roots -j 

right 

10 

0.300 

0.078 

5 p. p. m. of P 


[ total 

19 

0.339 

0.074 

(same treatment both 

Tops 


75 

0.224 

0.021 

sides) 

Plant, 

total .. 

94 

0.248 

0.032 

No. 2 






Standard culture solu- 


rieft 

11 

0.280 

0.072 

tion containing 

Boots ^ 

right 

9 

0.290 

0.071 

2.5 p. p. m. of P 

1 

[ total 

20 

0.284 

0.072 

(same treatment both 

Tops 


80 

0.206 

0.022 

sides) 

Plant, 

total .. 

100 

0.222 

0.031 

No. 3 

Left : Bight : 






H8PO4 5 p. p. m. 


rieft 

3 

0.253 

0.296 

5 p. p. m. of A1 in 

Roots ■( 

right 

2 

0.257 

0.174 

of P standard 

1 

[ total 

5 

0.255 

0.247 

culture 

Tops 


13 

0.208 

0.022 

solution 

Plant, 

total . . 

18 

0.221 

0.085 

lacking P 

No. 4 

Left : Right : 






Standard 5 p. p. m. 


rieft 

17 

0.294 

0.093 

culture of A1 in 

Roots > 

right 

8 

0.244 

0.251 

solution standard 


[total 

25 

0.278 

0.144 

contain- cultuze 

Tops 



65 

0.237 

0.019 

ing 5 solution 

Plant, total .. 

90 

0.247 

0.054 

p, p. m. lacking P 

of P 

No. 5 


1 




5 p. p. m. of A1 in 

i 

rieft 

7 

i 0.230 

0.142 

standard culture solu- 

Roots 

right 

7 

0.243 

1 0.263 

tion containing 5 

1 

[total 

14 

0.237 

0.203 

p. p. m. of P 

Tops 



31 

0.222 

0.024 

(same treatment both 
sideB) 

Plant, 

total .. 

i 45 

0.227 

0.079 
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for each treatment used. The yield for each fraction was determined, as 
well as the amounts of aluminum and phosphorus present. Aluminum was 
determined by the colorimetric method of Winter, Thbun, and Bird (9), 
and phosphorus by the colorimetric method of Truog and Meyer (8). The 
results of the analyses are recorded in table II. 

It is evident that the damage to the plant as a whole is the result of the 
poor root system caused by the presence of aluminum. In series 3, 4, and 5, 
where the roots were in contact with aluminum in the culture solution, there 
is a comparatively large amount of aluminum in the roots. In all cases these 
roots show the typical symptoms that have been associated with aluminum 
toxicity. This localization of injury in the roots in immediate contact with 
aluminum is further indicated by the fact that the tops of the plants from 
all series show very little difference in aluminum content whether aluminum 
was added to the culture solution or not. 

In order to facilitate the discussion a ratio of the total percentage of 
aluminum in the roots to the total percentage of aluminum in the tops in 
comparison with the yields can be used. A direct comparison of the 
aluminum content of the roots with total yield could be made since, con- 
sidering the plant as a whole, the great variation in aluminum content of 
the plants is found in the roots, the aluminum content of the tops being about 
the same in all cases. Such a comparison would serve to emphasize the fact 
that the primary effects of aluminum on the plant seem to be localized in 
the roots with a consequent poor development of the whole plant. However, 
since the aluminum content of the tops does vary slightly and in view of 
the fact that small concentrations of aluminum are known to affect the plants 
experimented with, the ratio method was used. Such a comparison on the 
basis of ratios is as follows : 


Series 

^ ALUMINUM IN ROOTS 

Ratio of 

ALUMINUM IN TOPS 

Yield 

1 ! 

3.5 

94 

2 

3.3 

100 

3 

11.2 

1 18 

4 

7.6 

[ 90 

5 

8.5 

45 


The reduction in yield in series 4 is decidedly not what might be expected 
by comparing the ratio of this series with that of series 5. Although the dif- 
ference between these two ratios is less than unity, the yield in series 4 is 
twice that of series 5. A comparison of the ratio of series 4 with the ratios 
of series 1 and 2 shows that that of series 4 is more than twice the magnitude 
of either series 1 or 2. The reduction in yield in series 4, however, is not 
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significant. Some explanation for tbe good growth in series 4 is evidently 
necessary. 

In series 4 there is no opportunity for aluminum to precipitate phos- 
phorus on the outside of the plant since these two elements are in separate 
culture solutions. In comparing the analyses of the tops and the two sides 
of the root system it is found that most of the aluminum is in the half of 
the root system in direct contact with aluminum. This large amount of 
aluminum in one half of the root system and the low amount in the other 
half is directly reflected in yields. Those roots not in contact with aluminum 
have a yield twice as great as those in contact with aluminum. This low 
yield of roots on the aluminum side can be attributed only to a precipitation 
within the root tissues as there was no phosphorus in this culture solution. 
This immediate precipitation of aluminum precludes the transloQation of 
aluminum to other parts of the plant. Consequently the side of the root 
system not in contact with aluminum functions almost normally and the total 
plant yield in series 4 is not greatly reduced over that in series 1 and 2. 

Although the total phosphorus percentage in series 4 is as high as series 
1 and higher than series 2, there is a reduction in yield. This again indicates 
precipitation of phosphorus within the plant because a high phosphorus 
content in association with lower yields indicates that some of this phos- 
phorus is unavailable. This is in line with the observations of Burgess and 
Pember (2), who treated acid soils with a heavy application of acid phos- 
phate and found that plants grew well in this soil, although they contained 
about the same percentages of aluminum as the plants growing in an un- 
treated acid soil. However, the former contained from three to five times 
as much phosphorus. This leads them to conclude “. . . that acid phosphate 
renders soluble aluminum salts non-toxic largely by counteracting their evil 
effects within the plants themselves after they have been absorbed.’’ 

Yields from series 3 were too low to permit accurate analyses, hence this 
series is not emphasized in reaching any definite conclusions. The low total 
yield is probably due to the very low yield of roots, so low that the plant 
probably did not obtain elements essential for its growth from the incomplete 
culture solutions used. The high aluminum content on that side of the root 
system in contact with phosphoric acid is difficult to explain, unless it had its 
source as a contamination in the sodium hydroxide used to adjust the pH of 
the phosphoric acid. However, a discussion of the results of this series was 
not omitted as this particular technique may be improved by subsequent 
investigators. 

The results in series 5 may be differently interpreted but it seems quite 
logical to conclude that these results also support the contention that, in ad- 
dition to the external precipitation, aluminum renders phosphorus unavail- 
able internally. Although the total percentage of phosphorus in series 5 is 
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slightly greater than that of series 2 the actual amount of phosphorus present 
is much less. For example, a yield of 45 gm. dry weight with 0.227 per cent, 
of phosphorus, as in series 5, makes the actual amount of phosphorus present 
0.102 gm. In series 2, having a yield of 100 gm. dry weight and 0.222 per 
cent, of phosphorus, the actual amount of phosphorus present is 0.222 gm. 
It could be argued that the plants in series 5 grew as much as the actual 
limited amount of phosphorus in the plant permitted. This leads to the con- 
clusion that phosphorus was prevented from entering the plant in amounts 
sufficient to support growth by its precipitation outside the plant by 
aluminum. This contention might further be supported by showing that 
the plants in series 5 have a smaller total percentage and a smaller actual 
amount of phosphorus in them than series 1, although the amount of phos- 
phorus in the culture solution was the same in both cases. This line of 
reasoning overlooks the consideration that if phosphorus were precipitated 
in the culture solution by aluminum, thus cutting down its absorption, it 
would follow that aluminum also would be in a form that would not readily 
pass through the plant membranes. The analyses, however, indicate that 
the roots had absorbed appreciable amounts of aluminum. In fact, the 
actual amounts of aluminum in the root system of series 5 are in the same 
range of magnitude as the amount of aluminum in the right side of the root 
system in series 4, where it would be impossible for precipitation to occur in 
the culture solution, as, in this latter instance, aluminum, but no phosphorus, 
was present in the culture solution. It seems logical to conclude from these 
results that, in addition to external precipitation, aluminum causes injury, 
even in this series, by precipitating phosphorus within the tissues of the plant 
where it causes a phosphorus deficiency which is refiected in the poor growth 
of the barley. 

Most workers are of the opinion that superphosphate renders aluminum 
non-toxic because of its precipitation in the acid soil or in the culture solu- 
tion. Burgess and Pember (2), McGeorge (5), and Pierre and Stuart 
(6) have advanced the opinion that the chief remedial action of superphos- 
phate takes place within the plant where it renders aluminum inactive by 
precipitation. 

The experiments, as recorded in this paper, substantiate the viewpoint 
that a large application of superphosphate to acid soils overcomes the toxic 
effects of aluminum by precipitating the aluminum within the tissues of the 
plant. It is, of course, admitted that the above statement is an inference 
as far as plants growing under field conditions are concerned. In the field 
it would be too much of an assumption to attribute the lessening of aluminum 
toxicity by superphosphate application entirely to internal mutual precipita- 
tion. It was because of external precipitation that the divided-root method 
in the culture solution experiments was used. 
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Not denying that the beneficial action of superphosphate to plants in the 
field may be due to some external precipitation of aluminum, it is felt that 
the majority of workers have overlooked the possibilities of applications of 
superphosphate such as may supply phosphorus in amounts sufficient to pre- 
cipitate aluminum internally, and, over and above this, supply sufficient 
phosphorus for the metabolic processes of the plant. 

Summary 

1. Beets were grown in flats in an acid soil, and in acid soil separately 
treated with calcium lactate, superphosphate, and lime. Healthy vigorous 
plants were obtained with lime and superphosphate and very poor plants 
in the untreated soil while those with calcium lactate were about midway in 
their development between these two extremes. 

2. Various analyses of the above plants indicate that: (1) pH, as such, 
is not a limiting factor, as the pH of the acid soil, calcium lactate, and super- 
phosphate flats was about the same ; (2) a deficiency of calcium as an essen- 
tial element cannot be considered as a limiting factor in growth, as all plants 
contained as much or more calcium than those grown in the limed flat; (3) 
photosynthesis cannot be considered a limiting factor, as no magnesium 
deficiency was discovered, and, furthermore, there was an accumulation of 
both total and reducing sugars in the plants grown in the acid soil ; and (4) 
deficiencies of total nitrogen, of nitrates, and of phosphorus in the plants 
from the acid soil reveal possible causes of retarded growth in acid soil. 

3. Drip culture experiments with beets indicated a phosphorus deficiency 
as the possible cause of retarded growth and that the presence of aluminum 
was the probable cause of this deficiency. 

4. In order to determine whether aluminum caused a deficiency of phos- 
phorus by precipitation within the tissues of the plant or externally, barley 
was grown in drip culture solutions wherein the root system was divided, 
each half being placed in separate containers and receiving different culture 
solutions. By this method a plant could have access to both aluminum and 
phosphorus, and precipitation in the culture solution could be avoided. 

5. For analysis, the plants from each culture series were fractioned into 
three parts consisting of each half of the root system and the tops. Deter- 
minations for aluminum and for phosphorus were made on each fraction. 
These figures in conjunction with the yield of the plants as recorded in table 
11 indicate that : (1) damage to the plant as a whole is probably the result 
of the poor root system caused by the presence of aluminum ; (2) aluminum 
is precipitated immediately in that half of the root system in direct contact 
with aluminum, whereas the other half of the root system not in contact with 
aluminum, and the tops, grow practically as well as the check plants ; and (3) 
in that series '^here each half of the root system is in a culture solution con- 
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taining both aluminum and phosphorus, internal precipitation evidently 
plays an important part in retarding growth, since, if the precipitation were 
external, the fairly large amounts of aluminum and phosphorus found inside 
the roots of these plants could not be satisfactorily explained. 

6. Although the results obtained from these culture solution experiments 
cannot be used for plants growing under field conditions, it is felt that most 
workers have over-emphasized the external mutual precipitation of alumi- 
num and phosphorus and have overlooked the fact that the internal precipi- 
tation of phosphorus by aluminum evidently plays an important r61e in the 
poor development of certain plants grown on acid soil. The corrective action 
of large applications of superphosphate to acid soils is attributed largely to 
the internal precipitation of aluminum by phosphorus with sufficient phos- 
phorus remaining for the metabolic processes of the plant. 
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SEASONAL FLUCTUATIONS IN GROWTH RATES OP 
EXCISED TOMATO ROOT TIPS 

Philip B. White 
(with four figures) 

Previous to 1934 Robbins (10, 11), Robbins and Maneval (12, 13), 
Kotte (6, 7), Chambers (1, 2), Malyschev (8^ 9), Gautheret (4, 6), and 
White (14-17) had reported the cultivation of excised root-tips of various 
species of plants over periods in some cases as great as 5 months. In such of 
these studies as extended over considerable periods of time, the growth rates 
showed a more or less continuous diminution, ending in loss of all cultures. 
Fluctuations in growth rates were apparently random in nature and of no 
demonstrable significance. In 1934 White (18) reported experiments in 
which two clones of tomato root-tips were successfully grown for one year. 
Aside from fluctuations due to known variations in environmental factors, the 
cultures showed not a diminution but an increase in growth rate. The im- 
provement in result is probably attributable to a more satisfactory nutrient 
and technique. The observed increase in growth rate was tentatively at- 
tributed to adaptation of the cultured organs to their artificial environment, 
and it was presumed that the growth rate would ultimately reach a constant 
level. The present paper proposes to report the behavior of one of these 
clones (clone C, 18) over an additional two years. 

Since a standard procedure had not yet been developed at the time the 
cultures were started, the first 10 passages were of irregular length and 
were maintained under a variety of experimental conditions. Passages 11-23 
were poor for reasons discussed elsewhere (18). With the 11th passage a 
standard procedure (18) was adopted which has since remained essentially 
unchanged. The present paper, then, records the behavior of this clone 
through 177 passages. Of these, 167 have had a duration of one week each 
and have been maintained under as uniform conditions as were available in 
an ordinary laboratory room. In passages 11-52, 100 roots were grown in 
each passage so that each growth rate is the mean of 100 measurements. In 
all passages subsequent to 52 this number was reduced to 25. 

Figure 1 shows the growth rates of this clone of cultures during 177 
passages. The records for the last 125 weeks have not been previously 
published. The line A A' represents the average growth level for the entire 
177 weeks, 6.2 mm. per culture per day. The measured total increment 
recorded, exclusive of branches, is about 30,000 times the magnitude of the 
tissue fragment with which the clone was started. The clone is being main- 
tained and, after 3 years’ cultivation in vitro, is still in excellent condition. 
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Fig. 1. Increment rates of isolated tomato root-tips over a period of years. The 
average weekly increments are represented by the zigzag line. The line AA' represents 
the average increment level for the entire period. The heavy lines at values of <jie sine 
curve + 1 and ^ = -1 represent the average increment rates of each 26-we^ period 
beginning on September 21 and March 21, each period corresponding to a half-wave of the 
curve. Measurements were not recorded for passages 1, 2, 99, and 100 (marked 

In figure 1, the observed fluctuations in growth rate are rather uniformly 
grouped around the mean level AA'. The clone has, therefore, after the 
first period of adaptation, settled down to a uniform growth level, as was 
anticipated. Nevertheless, analysis of the growth curve shows it to contain 
two types of deviation from the mean. Kandom deviation from week to week 
is the most evident component. It seems probable that inequalities in the 
amount of trauma, inflicted in the manipulations of excision and transfer, 
may affect the subsequent growth rates. It has also been noted that the 
position of the explant in the parent culture — ^whether taken from the tip, 
from a branch near the center of the culture, or from the base — ^may affect 
its subsequent growth rate. There are also marked differences in the vitality 
of individual branches at the Same level, which may be evident in the color 
of the meristematic region. Doubtless there are other differences which are 
not visible. These, and probably other factors contribute to the variability 
of the cultures. The range of this deviation can be greatly reduced by the 
use of large numbers of cultures, as is evident in passages 27 to 39 where 
100 cultures were maintained. It might conceivably be eliminated by the use 
of sufiSciently large numbers or by more careful selection than has been 
practiced in preparing this routine stock. 

When these week to wedc deviations are smoothed out by averaging to- 
gether the indices of several passages, there still remains a second component 
of the curve which shows a regular cyclic fluctuation with maxima lying 
just a year apart. The horizontal blocks in figure 1 indicate the positions of 
such means when groups of 26 passages beginning with passage 23 are so 
averaged. If a flattened sine curve be drawn with AA' as its axis, the wave 
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crests spaced 52 weeks apart, with minima (sine 6 = - 1) falling on December 
21, the curve will be seen to coincide rather closely with the observed growth 
rates, strongly suggesting that these fluctuations must follow some simple 
law related to the seasons. 

Yearly cycles are, of course, common in the plant kingdom. In some 
cases these are obviously the result of the annual cyclic fluctuations of light 
and temperatures resulting from the alternation of seasons, and disappear 
under controlled environmental conditions. In others. Asparagus medeo- 
loides Thunb., for example, the cycle is inherent and so firmly established 
in the make-up of the plant that in the northern hemisphere it continues 
to undergo its dormant period in May to September in spite of a completely 
inverted environmental cycle, and years of cultivation in the north will not 
alter this behavior pattern. It has seemed desirable to determine whether 
the cycle observed in these root-tips can be shown to be correlated with 
uncontrolled factors in the environment, or if it may be inherent. 

The cultures in question were maintained under as uniform conditions 
as were available for large numbers. But, since they were kept in a labora- 
tory room where other work was being carried on simultaneously, they were 
subject to two variables known to be only partially controlled and perhaps 
to other unknown ones. These two variables were light and temperature, 
both of which undergo seasonal cyclic fluctuations. 

The cultures under consideration were at no time exposed to direct 
sunlight but, since they were placed in a well-lighted room, they received 
diffuse light of greater intensity and longer daily duration in summer than 
in winter. Robbins and Maneval (13), White (16), and Felber-Pisk (3) 
had reported moderate illumination to be beneficial to similar cultures of root- 
tips of other plants, so that light might conceivably have been an important 
factor in determining the observed fluctuations. However, the studies of 
these authors were all of too short duration to be of undoubted significance. 
Malyschev, moreover, was unable to substantiate this conclusion (9). To 
test the question more thoroughly, a double-walled box was built of opaque 
matte-black cardboard, large enough to hold 25 cultures. It was so arranged 
as to allow free circulation of air, but light was completely excluded. Fifty 
cultures were prepared from passage 143, clone C. Twenty-five of these were 
placed in the dark box and set alongside of the other 25 which represented 
passage 144 of figure 1. Both sets of cultures were then transferred at 
weekly intervals for 10 weeks, being measured as usual at the beginning and 
end of each passage. Measurements and transfers of both ‘‘dark’’ and 
“light” cultures were made by daylight. The “dark” cultures were thus 
exposed to diffuse light for somewhat less than an hour each week, that is, 
about 0.5 per cent, of the elapsed time, while the “light” cultures were 
similarly exposed approximately 100 times this length of time (50 per cent. 
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of the elapsed time) . The growth rates obtained are shown in figure 2. The 
mean difference in growth rates between the two sets for the entire 10 weeks 
was only 0.6 per cent, in favor of the “dark” cultures. This is too small a 
difference to be significant. . It is worth noting, however, that had only pas- 
sage 151 been measured, the result — ^a 40 per cent, increase of the “light” 
cultures over the “dark” ones — would have been in agreement with the find- 
ings of the earlier authors cited above, while observation of passage 152 
alone would have led to an entirely contrary conclusion. The danger in 



Tig. 2. Growth rates of cultures grown in diffuse daylight (open circles) and in 
darkness (solid circles) for 15 weeks. 

drawing conclusions from single passages is thus evident. To make the 
result doubly sure, transfers were made for an additional 5 weeks, the 
‘‘dark’' cultures being transferred by the light of an orange Wratten Safe 
Light no. 0, without other exposure at any time. Throughout these 5 weeks 
(fig. 2), the cultures grown in the dark were consistently somewhat better 
than those provided with diffuse daylight. Since 15 weeks of greatly re- 
duced illumination did not appreciably reduce the growth rates of these 
cultures nor cause any visible abnormalities in their behavior (fig. 3), it may 
safely be concluded that light is neither essential nor significantly beneficial 
to isolated tomato root-tips. Seasonal variations in illumination can, there- 
fore, be ruled out as a factor in determining the cyclic variation in growth 
rate recorded in fi^re 1. 
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Fig. 3. Roots grown in diffuse daylight (two at left) and in continuous darkness 
except for the time required in transferring (two at right). The photograph was taken 
at the end of the 1 5th weekly passage under these conditions, x 0.6. 

The room in which the cultures were maintained was thermostatically 
controlled as to minimum temperature, so that the temperature never fell 
below 20° C. Since, however, no provision was made for cooling when the 
outside air temperature exceeded this figure, the room temperature some- 
times rose to 32° V. White had earlier shown (15) that isolated wheat 
roots are sensitive to variations in temperature, growing best at about 27° 
C., so that this also might have been an important factor in determining the 
observed cycle. 

Had light proved to be a significant factor in determining growth rates, 
the exact evaluation of temperature effects would have been difficult, since, 
in order to obtain comparable results, it would have been necessary to main- 
tain a uniform light intensity at all temperatures studied. Since, however, 
variations in illumination over a rather wide range of intensity are without 
significant effect, this factor can be ignored in temperature studies so long 
as the light intensity is kept low. To test the effects of temperature varia- 
tions, constant temperature ovens providing no illumination and controllable 
to ±: 2° were used for temperatures 5°, 8°, 10°, 15°, 20°, 25°, and 28° C. 
Temperatures of 30°, 31°, 32°, 33°, 35°, and 40° C. were provided in a water 
bath which admitted a low intensity of light to the cultures and was con- 
trollable to ±1 0.5°. Twenty cultures were grown at each temperature, and 
measurements made at the end of one week. The mean growth rates for 
single passages at these temperatures are shown in figure 4. They are to be 
compared with those shown in figures 2 and 3 in the author earlier work 
on wheat root-tips (16). The optimum at 30°— slightly higher than for 
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wheat — ^is extraordinarily sharp, an increase in maintained temperature 
from 28® to 30® causing a 20 per cent, increase in growth rate, while a 
further temperature increase from 30° to 31® caused a 30 per cent, drop in 
growth rate. Unlike variations in illumination, variations in temperature 
are obviously of great importance in determining growth rates. 

The range of temperatures to which the cultures, whose growth rates are 
shown in figure 1, were subjected was, as has been said, from 20® to 32° C. 
As shown in figure 4, this is sufficient to determine a range of mean growth 



Fig. 4. Graph showing the relation between mean growth rate and maintained tern* 
perature, recorded over a single passage. 

rates from 5 mm. per culture per day (at 20°) up to 15 mm. per culture per 
day (at 30°) and then back to 9 mm. per culture per day at 32°. Cultures 
grown at 32® were of poor color, often misshapen, and obviously in unsatis- 
factory condition. If the growth rates recorded in figure 4 be compared 
with the mean growth rates for the various seasons, as shown in figure 1, it 
will be seen that the growth rate for 20® C. — 5 mm. per culture per day — 
corresponds very closely to the rates obtained during three consecutive 
winters — 6.1, 5.1, 6.0 — when, owing to low outdoor temperatures, it was pos- 
sible to maintain the room temperature at 20-22®. The growth rate for 
24®, which may be considered an average room temperature for summer, — 
8 mm. per culture per day — corresponds closely to the rates observed during 
the three summers covered by the record — 7.2, 7.7, 7.2. Moreover, the 
maximum growth rate recorded in figure 4 — 15 mm. per culture per day at 
30® C. — differs only slightly from that recorded in figure 1, 13.4 mm. per 
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culture per day in June, 1935, at a time when the mean temperature of the 
culture room may easily have approached such a value. 

Prom the figures presented above it is evident that variations in tempera- 
ture of the range to which the cultures under consideration are known to have 
been subjected, a range characteristic of a moderately well controlled lab- 
oratory, are quite sufficient to explain the cyclic fluctuations recorded in 
figure 1. Whether this is, as the data seem to indicate, the sole explanation 
or whether, when this variant is eliminated by more careful control of the 
temperature, there will remain a residual cyclic variation which is inherent, 
must await further study over an additional period of a year or more. The 
record presented here, however, serves to emphasize what has been repeatedly 
noted before, that growth which is sufficiently active for experimental pur- 
poses and which is reproducible can be obtained with root-tip materials only 
when all cultural conditions are rigidly controlled. Sensitivity to small 
variations in temperature and to slight variations in the concentrations of 
many of the nutrient ions must be taken into consideration in the interpre- 
tation of all results. The importance of these particular variables can 
hardly be over-emphasized ; but as is evident from the results with various 
intensities of illumination, there also exist variables which are not important. 

Summary 

The growth rates of a clone of isolated tomato root-tips cultivated in vitro 
and measured at weekly intervals for a period of 3 years show a random 
fluctuation around a mean due to variations in the behavior of the individual 
cultures. In addition, these growth rates show a cyclic fluctuation corre- 
lated with the seasons of the year. Investigation of the effects of light vs. 
darkness showed that seasonal fluctuations in illumination are a negligible 
factor in producing this cycle. Investigation proved, however, that such 
cultures are very sensitive to temperature differences and that the observed 
fluctuations in temperature are sufficient to account for the observed seasonal 
variations in growth rate. It will probably be necessary to control the room 
temperature more accurately than has been done in the past if uniform 
cultures are to be maintained throughout the year. 

Department of Animal and Plant Pathology 

The Bockefblleb Institute for Medical Research 
Princeton, New Jersey 
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STEUCTURAL CHANGES PRODUCED IN LEAP TISSUE OP SOY 
BEAN PLANTS BY IRRADIATION OP THE DRY 
SEEDS WITH SOPT X-RAYS 

Thbo. P. Long and H. Keesten 
(with eight figures ) 

Introduction 

In a recent paper Noguchi ( 2 ) described histological studies made on 
the structure of Bussian sunflower leaves grown from seeds irradiated at 
the stage of incipient germination, with hard, or short wave-length, x-rays. 
This paper describes a similar study in which the seeds used were dormant 
soy beans and the radiation was soft, or long wave-length, x-rays generated 
by a gas x-ray tube ( 1 ). Although it is not the purpose of this paper to 
compare the two types of radiation with regard to their ability to produce 
deformed plants from irradiated seeds it may be said that if a given quantity 
of radiant energy in the x-ray region here considered should strike the sur- 
face of a seed, a greater part of it would be absorbed by the seed if the 
radiation were of long wave-length than if it were of short wave-length. 
If the extent of the deformity produced in the plants grown from x-irradi- 
ated seeds depends on the quantity of energy they have absorbed, then one 
would expect the longer wave-length to produce the greater deformity, if 
the incident quantities of energy were alike. 

Method 

Wilson black soy bean seeds which had been stored under ordinary con- 
ditions of temperature and humidity for about a year were used. They had 
therefore acquired the moisture content normally associated with dormant 
seeds. These were placed 8 cm. from the focal spot of the x-ray tube and 
were irradiated for periods from 10 to 80 minutes with the x-rays from the 
tube mentioned, when it was operated at 20 peak kv. and 10 m.a. Under 
these conditions the shortest wave-length in the beam of x-rays was about 
0.6 A., while the most intense part of the beam was the K® line of copper 
(1.54 A.). The beans were then planted in ordinary soil in a greenhouse, 
together with unirradiated ones for controls. The irradiated seeds pro- 
duced deformed plants, of which figure 1 is an example, while the unirradi- 
ated seeds produced normal plants. Those which were irradiated for the 
longer periods of time produced plants exhibiting similar deformities to a 
greater degree. 

Results 

After an examination of the outward appearance as well as the corre- 
sponding sections of a large number of deformed leaves, it was found that 
almost all of them fell into one of the following classes : 
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Fia. 1 . S07 bean plant with injured leaves. 

1. Normal leaf (fig. 2) . The epidermal cells are of uniform rectangular 
shape and form a fairly smooth leaf surface. The palisade layer is com- 
posed in most cases of two layers of cells placed evenly and having only a 
small amount of space around each cell. The chloroplasts are arranged just 
inside the cell wall and are spaced evenly. In the spongy parenchyma 
layer the cells show an irregular pattern in cross-section and have the 
chloroplasts arranged irregularly. The spongy tissue extends all the way 
to the epidermis. 
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Fig 2. Normal leaf 


2 Leaf with mimerous small light spots (fig 3). These spotted areas 
are caused by the failure of the upper layer of palisade cells to develop 



Fig. 3. Leaf with numerous small white spots. 
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normally and produce chloroplasts, so that these areas are light in color 
Sometimes the second layer of palisade cells is also affected. Neither the 
epidermis nor the spongy tissue is noticeably changed. 

3. Leaf with large light-grey areas, found mainly on the second and 
third sets of leaves (fig. 4). In this case the palisade cells appear to be 



Fig. 4. Leaf with light gi een area 


normal but are spaced farther apart In some leaves there are fewer than 
the normal number of chloroplasts in the cells. The chloroplasts in the 
cells of the spongy parenchyma layer are arranged irregularly, sometimes 
clumped together. 

4. Leaf with small dark-green areas which appear normal except for 
color (fig. 5). (The dark-green areas are difBcult to show in photographs 
of the leaves.) This injured condition seems to be due to an unusually 
large number of chloroplasts containing an excessive amount of chlorophyll 
in both the palisade cells and in the spongy tissue. 

5, Leaf with large dark-green areas often raised and crinkled (fig. 6). 
In this kind of tissue the palisade cells are closely packed together and the 
cdls seem to have more than the usual number of chloroplasts. The palisade 
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Fig. 5. Leaf with small dark-green areas. 

cells are usually somewhat elongated and extend into the spaces belonging 
to the spongy parenchyma. The spongy tissues are smaller in volume, and 
the cells adjacent to the lower epidermis are often arranged as a layer of 
short palisade cells containing many chloroplasts. The epidermis, especi- 
ally the upper layer, is usually irregular with more rounded and otherwise 
oddly shaped cells. The leaves from which these sections were made received 
illumination from above, while growing, just as those exhibiting the other 
types of deformity. In both types 4 and 5, some of the cells contain chloro- 
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plasts which sre of a dark blue-green color suggesting a possible abnormal 
percentage of chlorophyll ‘a' and ‘b.’ 

6. X^ves 'Vdith white areas, either albino patches on the green leaf, or 
an entirely white leaf (dg. 7). In the albino leaves the palisade cells are 



Fig. 7. Albino leaf. 


entirely absent in the specimen examined. Only one plant exhibiting marked 
albino characteristics was grown (fig. 8). It grew from seed which had been 
irradiated ID minutes at 35 peak kv. and 20 m a , placed 30 cm. from the 
focal spot. The albino characteristics may have been due to factors other 
than the x-irradiation but sections of its leaves are interesting when com- 
pared witk the types of injury which can be produced at will. The spongy 
tissue seemed normal except for the absence of almost all the chloroplasts, 
while those present contained little or no chlorophyll. The epidermis was 
composed of rounded and oddly shaped cells. The veins were abnormally 
near each other and stood out as ridges. The intervascular part of the leaf 
was about 60 p thick compared with about 160 p for a normal leaf. The 
tissues were very diflScult to stain and photograph. 

7. Leaf with areas completely absent. (Several examples are shown 
in fig, 1.) 

The authors wish to thank Dr. J. Hobart Hoskins, and Dr. F. M. 
Tubbbll of the Botany Department for their interest and assistance. 
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Pio. 8. Plant showing marked albino characteristics. 
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NUTRITIONAL STUDIES ON LOBLOLLY PINE 
Bttth M. Adsous 
(with two figures) 

Introduction 

The investigation herein reported was undertaken as part of a coopera- 
tive project on the biology of forest trees at Duke University. It represents 
an attempt to add a contribution to knowledge of the mineral nutrition of 
certain forest trees, in the hope that ultimately it may be possible to correlate 
the findings with studies of soil composition and with the local distribution of 
these tree species. Loblolly pine {Finns taeda L.) was selected as a species 
that is relatively cosmopolitan, and yellow poplar {Liriodendron tulipifera 
L. ) as a species that is relatively specific in environmental requirements. The 
present paper is a preliminary report on loblolly pine only. 

For the purposes of this investigation, sand cultures were regarded as the 
most desirable method. Of the extensive work with sand cultures by many 
investigators within the past few years, little has been concerned with woody 
plants, and very little with forest trees. MitchellV ( 4 ) experiments on 
Scotch pine and white pine in the Black Rock Forest represent the most 
fruitful work of the kind that has been done with forest trees. 

Experimental methods 

Loblolly pine was grown in sand cultures for periods as long as 29 months. 
The first experiment was started in February, 1934, when 50 seedlings, 8 
months old, were transplanted from a sand-peat mixture to washed white 
quartz sand in ordinary 10-inch unglazed pots. Of these seedlings 30 were 
transplanted in January, 1935, to sand in 3-gallon glazed crocks with drain- 
age at the bottom. Nutrient solutions were added at first twice and later 
three times per week ; at all other times the moisture content was maintained 
by the addition of distilled water. From time to time individual plants were 
removed from the series for study. Four of the 22 plants that remained on 
July 14, 1936, are shown in figure 1. 

Other series were grown for shorter periods of time, employing similar 
methods except that glazed self-draining pots were used from the start. 

Another series of loblolly pine was grown in sand culture for 14 months 
under slightly different conditions. The same type of crocks and the same 
solutions were used, but the solutions were applied daily by a drip-method of 
renewal. Addition of nutrients was not continuous, but 10 pots set up in 
series received each day 18 liters of solution, which dripped from capillary 
tubes. The arrangement of apparatus is shown in figure 2. In this series, one 
1 199 
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Fig. 1. Pvnu8 taeda L. grown for 29 months in sand culture. For two trees on left, 
nitrogen was supplied as calcium nitrate ; for two trees on right, as ammonium sulphate. 



^ Fig. 2. Drip-cultures at the end of 14 months. Capacity of each carboy is 18 liters. 
Uniform rate of drip is maintained by means of bottles that serve as constant-level 
reservoirs. Solution reaches individual cultures by dripping from capillary tubes. For 
series on left, nitrogen was supplied as calcium nitrate^ for series on, right, as ammonium 
sulphate. 
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set of 10 pots received its nitrogen from calcium nitrate, the other set from 
ammonium sulphate. 

Since the experiments were primarily exploratory in nature in all series, 
the composition of solutions was varied from time to time in an attempt to 
determine the optimum conditions for growth. Concentrations of salts were 
varied as well as the hydrogen ion concentration, the latter by means of the 
addition of NaOH and H2SO4. The composition of two of the solutions that 
were successfully employed is given in tables I and II. 

TABLE I 

Composition op solution A 


Salt 

Grams per 

LITER 


Concentration in p.p.m. 

Ca(N 0 ,) 2 * 4 H ,0 

gm, 

1.148 

Ca. 

p.p.m. 

195 

p.p.m. 

N 136 

KH,PO« 

0.643 

K.. 

184 

P ...146 

MgSO. 

0.283 

Mg. 

57 

S 76 

H,BO, 

0.001 

B . 

0.20 


UnBO, 

0.001 

Mn.. 

0.40 


PoClg 

0.002 

Fe.. 

0.70 







TABLE II 

Composition op solution B 


Salt 

Grams per 

LITEB 

j Concentration in p.p.m. 


gm. 


p.p.m. 

p.p.m. 

(NH.)=SO. 

0.734 

N 

. 156 

S 156 

KH 2 PO 4 

0.870 

K 

.... 249 

P. 198 

MgSO* 

0.167 

Mg 

33 

S 45 

CaCl, 

0.324 

Ca. 

117 

a 204 

H 3 BO 3 

0.001 

B 

0.20 


MnSO* 

0.001 

Mn. 

.. . 0.40 


FeCla 

0.002 

Fe.. 

0.70 



Results and discussion 

The several experiments, extending over periods of varied lengths up to 
29 months, proved to the satisfaction of the writer that (1) loblolly pine can 
be grown successfully in sand culture, and that (2) it can utilize nitrogen 
in the form of either nitrates or ammonium compounds. These two points 
will be discussed in some detail. 

The pine trees grown in sand culture compared favorably with trees 
grown in soil as to size and general appearance, with the exception of color 



202 


PLANT PHYSIOLOGY 


as discussed below. One difficulty that was experienced in sand culture, 
however, was the inequality of growth of the different individuals in a 
series. All of the plants grew, but the amount of growth varied greatly. 
When the number of individuals in a series must be limited, this factor is 
important. Mitchell ( 4 ) refers the difference in his seedlings to difference 
in seed weight, and cites correction factors. In the present experiments an 
attempt was made to obviate the difficulty by using seedlings several months 
old and selecting them for uniformity of size and general appearance. The 
results indicate, however, that such selection is not sufficient. Figure 2 shows 
that the size of plants after several months of identical cultural treatment 
varied greatly. This difference was obviously the result of differences in 
plants and not of differences in treatment. In experiments with plants that 
can be propagated vegetatively, it would probably be better to work with 
rooted cuttings than with seedlings. 

A second difficulty was the yellowing of leaves that was apparent JErom 
time to time in both nitrate and ammonium series. Usually it showed during 
the first few months after the seedlings were set out, and in most instances 
the plants subsequently recovered. The yellowing was much less noticeable 
in the drip cultures. In the light of Mitchell^s ( 4 ) experience it seems rea- 
sonable to suppose that the cause was insufficient nitrogen. Mitchell states 
that the optimum concentration of nitrogen is 300 p.p.m., whereas in the 
solutions listed above, the concentration of nitrogen was only about half of 
that. In his experiments, however, the nutrient solution was added only 
twice during the 15 weeks of the experiments, whereas in the present experi- 
ments nutrient solution was added two or three times a week, and in the series 
of drip-cultures, every day. It is obvious, then, that the total amount of 
nitrogen supplied to the plants was considerably more than the concentra- 
tions indicate, in comparison with those of Mitchell solutions. However, 
the fact that the pines of the drip-series showed much less yellowing than the 
others lends some evidence to the theory that the abnormality was caused by 
an insufficient supply of nitrogen. It was obviously not caused by deficiency 
of boron, manganese, or iron ; iron was added in several forms and in several 
concentrations during the experiments, without apparent effect. Alteration 
of the hydrogen ion concentration from time to time during the course of the 
experiments had no appreciable effect on the yellowing. As stated above, 
most of the plants recovered and developed a healthy green color. Similar 
yellowing has been observed in soil cultures, and occasionally in the field. 

Some of the seedlings developed a peculiar twisting and curling of the 
leaves that produced an appearance of knotting. This was observed in some 
but not all plants of every series, and in some plants more generally than in 
others. Eventually the leaves straightened and assumed a normal appear- 
ance. The abnormality was not restricted to these experiments, but was ob- 
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served in even more acute form in some soil cultures that were being con- 
ducted by another worker in the adjoining greenhouse. It has since been 
observed occasionally in pine trees growing in the held. The first explana- 
tion that suggested itself was that the sheath of the fascicle had become dry 
and hard, with the result that the normal elongation of leaves was mechani- 
cally restricted. In order to test this theory, several plants were placed for 
several weeks under bell jars, so that the humidity in which they were grow- 
ing was greatly increased. Under this treatment leaves were as ‘‘knotted’’ 
as ever, disproving the theory. 

These experiments showed conclusively that loblolly pine is capable of 
utilizing nitrogen in the form of either nitrates or ammonium. Alteration 
of the acidity over a wide range showed the best development with calcium 
nitrate as the source of nitrogen when the solution was decidedly acid (3.8 to 
5 pH) ; with ammonium sulphate as the source of nitrogen when the solution 
was more nearly neutral (6 pH). The observations are entirely in keeping 
with those of Tiedjens (6), Tiedjens and Blake (7), Tiedjens and Bobbins 
(8), Nightingale (6), and Davidson and Shive (2) on apple, peach, and 
other plants. It is altogether probable that under field conditions in the 
Piedmont of North Carolina loblolly pine receives most of its nitrogen in the 
form of ammonium compounds, for little nitrification occurs. In many for- 
est stands of loblolly pine, as determined by Coile (1), the hydrogen ion con- 
centration of the A horizon varies from 5.4 to 6.5 pH. 

Although mycorrhiza were present when the seedlings were set out, they 
did not develop to any considerable degree in sand cultures. Field-grown 
plants show long white roots that are free from fungous infection and short, 
stubby, much-branched lateral roots that are infected with a tight mass of 
mycelium that penetrates the epidermis. Pines of the several experimental 
series also showed long white roots and short, branched lateral ones ; however, 
the latter were not nearly so stubby as those of field-grown plants and micro- 
scopic observations showed no trace of fungous infection — any mycelium that 
was present was entirely external. Since rapid and apparently healthy 
growth was obtained in sand culture, it would seem likely that in field-grown 
loblolly pine the occurrence of mycorrhiza is incidental rather than highly 
beneficial. 

The root systems developed in sand culture are worthy of mention, as 
their distribution is in rather striking contrast to that of loblolly pine roots 
under field conditions. In nature, most of the absorbing roots occur in the 
uppermost layers of the soil. In sand culture, however, the root systems 
practically fill the pots, and the absorbing roots are much more generally 
distributed. It is possible that the difference is attributable to the difference 
in aeration, and that the superficial character of the root systems of loblolly 
pines in many forest soils is caused by the deficiency of aeration in under- 
lying horizons. 
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During the course of the present experiments, the trees were not dormant 
through a long period of time, such as the winter. In all of the series they 
showed during a year several periods of growth and several periods of dor- 
mancy, but never a long-continued winter dormancy. It is altogether pos- 
sible that this condition is attributable to illumination. Although the pines 
were not intentionally given a longer photoperiod, other experiments in ad- 
joining greenhouses were lighted regularly. It is possible that sufficient 
light reached the pines to prevent winter dormancy. Withrow and Bene- 
dict (9) have shown that for certain plants an intensity of 0.3 foot candle 
is sufficient to produce a response. Kramer (3) has demonstrated that it 
is possible to keep loblolly pines growing actively throughout the winter 
under greenhouse conditions. 

In the light of these experiments the writer feels justified in pursuing 
the study of mineral deficiencies in loblolly pine by the use of sand cultures, 
employing either nitrates or ammonium salts as sources of nitrogen. 

Summary 

1. Loblolly pine seedlings were grown successfully in sand cultures for 
periods up to 29 months. 

2. They proved capable of utilizing nitrogen in the form of either nitrate 
or ammonium — ^the former more successfully in acid reaction, the latter more 
successfully in a more nearly neutral reaction. 

3. The seedlings showed great individual variation in rate of growth 
even though they were selected on the basis of uniformity of size. 

4. The root systems were deeper than those that are usually developed 
in the field. 

5. Mycorrhiza were not formed. 

6. Many plants of both the nitrate and the ammonium series showed, at 
times, a yellowing of leaves that may have been caused by an insufficient 
quantity of nitrogen. Apparently similar conditions were observed in soil 
cultures and to a lesser degree in the field. 

7. Plants were grown throughout the year without long-continued 
periods of dormancy. This continuous activity may have been associated 
with a photoperiod longer than that of winter days. 

Duke Univeesity 

Durham, North Carolina 
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EFFECT OF ETHYLENE CHLOEHYDRIN AND THIOUREA ON 
ELODEA AND NITELLA^ 

B E A T E I C E MaECT 

Introduction 

Ethylene chlorhydrin and thiourea were found by Dennt ( 4 ) to have 
the power of breaking the rest period of freshly-harvested potato tubers. 
Denny (8), Guthrie, Denny, and Miller (6, 9), and Miller (11, 12, 13) 
were unable to find any close correlation between the power of these chem- 
icals to produce early sprouting and their effect upon respiration, glutathione 
or sulphydryl content of the tissues, or enzyme activity, which might explain 
how dormancy is broken. The purpose of this study was to see if ethylene 
chlorhydrin and thiourea produced any change in the rate of the streaming 
of protoplasm, a change which might indicate their effect upon protoplasm 
itself, and so throw some light upon the manner in which dormacy is broken 
by them. 

Method 

The plants used were Nitella sp., originally collected near Northampton, 
Mass., and Elodea canadensis gigantea {E. densa), obtained in January, 
1936. 

The chemicals, ethylene chlorhydrin and thiourea, were obtained from 
the Research Laboratory of the Eastman Kodak Company. Distilled water 
from a zinc still was used for all solutions. The concentrations of the solu- 
tions were 10 to 0.025 gm. per liter. Cheek tubes containing distilled water, 
but no chemical, were included with each set of experiments. Some addi- 
tional measurements were made for each species in tap water. 

For each test, 30 cc. of each solution were used. About four inches of the 
terminal portions of plants of Elodea, and of filaments of Nitella were placed 
separately in cotton-stoppered test-tubes containing the solution, and ar- 
ranged so that all were equally lighted from an adjacent window. The tem- 
perature, at the time of taking the readings, varied at most 5° C. At 2-, 24-, 
and 48-hour intervals, one leaf was detached from each Elodea shoot. This 
leaf was always from among the lower leaves of the terminal bud. Rate of 
streaming in millimeters per second was measured with a standardized ocular 
micrometer, and a standardized metronome. Prom each leaf ten readings 
were made, from adjacent cells at the base of the leaf, near the midrib. For 
Nitella, readings were taken, as much as possible, from cells similar in size 
and age. Thus, there were tested two chemicals, each in ten dilutions, used 
1 This paper was presented before the New England Section of the American Society 
of Plant Physiologists at Storrs, Connecticut, May, 1936. 
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on two species, and treated for three different lengths of time. Each read- 
ing was checked by ten counts, and the entire experiment was done five times. 

Experimental results 

Both ethylene chlorhydrin and thiourea, in concentrations of less than 
1 gm. per liter, increase the rate of streaming of the protoplasm of Elodea 
and Nitella after these plants have been treated for 2, 24, or 48 hours. A 
solution containing 50 gm. per liter of either chemical causes the death of the 
cells of both plants after 24 hours’ treatment (tables I-IV). 

When Elodea is treated with ethylene chlorhydrin for either 24 or 48 
hours, the point of maximum streaming falls at a concentration of 0.1 gm. 
per liter or less (table I) . Concentrations higher than this cause a decrease 
in the rate of streaming, movement being completely stopped at 10 gm. per 
liter. However, with only 2 hours’ treatment the maximum rate is at a 
concentration of 10 gm. per liter, and the lower concentrations have not 
affected the rate of streaming in any significant way (table I). It appears 
that in 2 hours enough chemical to effect the protoplasm is absorbed only 
from the 10 gm. per liter solution. 

TABLE I 

Elodea treated with ethylene chlorhydrin 


Concentration in grams per liter 

Bate op streaming* 

2 HOURS 

24 HOURS 

48 hours 

gm. 


mm,/min. 

mm,/min. 


0.5388 1 

0.0000 

0.0000 

0.750 

0.2256 




0.2484 

HBH 


0.250 

0.2868 




0.2797 

0.4380 1 

0.3900 


0.2856 

0.3960 

0.3949t 


0.2616 

0.2412 

0.2208 

Maximum percentage of increase 

100.59 

81.6 

78.84 


♦ Each figure represents the average of 50 readings, 
t Maximum rate recorded. 


When Elodea is treated with thiourea for 24 or 48 hours, the effect is 
similar, except that streaming is not altogether stopped by a solution of 10 
gm. per liter (table II). The maximum rate is induced by a concentration 
of 0.1 gm. per liter. The rate, after 2 hours of treatment, is greatest at a con- 
centration of 0.5 gm. per liter, but the difference between the effects of the 
different concentrations is not marked. Again, the rates of streaming in 
various concentrations after 24 and 48 hours are very similar for the two 
chemicals. 
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TABLE II 

Blodea treated with thiourea 


Concentration in grams per liter 

Bate op streaming* 

2 HOURS 

24 HOURS 

48 HOURS 

' 1 

gm . 

wm./wtn. 


mm ,/ min . 

10.000 

0.3360 

0.2473 

0.1380 

0.750 

0.3660 

0.3636 

0.3468 

0.500 

0.4332 1 

0.4068 

0.3756 

0.250 

0.3150 

0.4596 

0.4093 

0.100 

0.3890 

0.4968t 

0.4620 1 

0.075 

0.3420 

0.4356 

0.3856 

0.000 

0.2385 

0.2269 

0.2424 

Maximum percentage of increase 

81.64 

119.0 

90.51 


* Each figure represents the average of 50 readings, 
t Maximum rate leeorded. 

The effect of ethylene chlorhydrin and of thiourea upon the rate of 
streaming of the protoplasm of Nitella is similar to their effect upon Elodea, 
In a graded series of concentrations of ethylene chlorhydrin, the rate of 
streaming of Nitella cells rises to a maximum at 0.25 gm. per liter after 2, 
24, and 48 hours of treatment (table III). After 24 hours in a 10 gm. per 
liter solution of ethylene chlorhydrin the protoplasm of Nitella, like that of 
Elodea, has ceased to stream. The highest rate of streaming was obtained 
after a 24-hour treatment, although 2 hours produced almost as high a maxi- 
mum rate. 

TABLE Jtl 

Nitella treated with ethylene chlorhydrin 


Concentration in grams per liter ^ 

Bate op streaming* 

2 HOURS 

24 hours 

48 HOURS 

gm . 

wm./mm. 

mm , / mm . 

mm , / mm . 

10.000 

1.494 

0.000 

0.000 

0.750 

2.310 

1.963 

1.925 

0.500 

1.971 

1.946 

2.130 

0.250 

2.669 1 

2.976t 

2.241 1 

0.100 

2.432 

2.610 

2.111 

0.075 

2.077 1 

2.049 

2.010 

0.000 

1.359 

2.006 

1.374 

Maximum percentage of increase 

99.24 

48.37 

63.1 


* Each figure represents the average of 50 readings, 
t Maximum rate recorded. 
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The effect of thiourea upon the rate of streaming of JWteWo may be shotni 
by a curve very similar to that of Elodea, the maximum rate occurring at 0.1 
gm. concentration in both species (tables II, IV). As the concentration of 
the solntions increased, the rate of streaming decrmed, but not to zero. The 
2-boixr tre&tment, however, showed a maximum in the curve at 0,075 gm., 
then decreased (table IV)- Both ethylene cblorbydrin and thiourea in- 

TABLE IV 

Nit ELL A treated with thiourea 


Concentration in grams per liter 

Bate of streaming* 

2 HOURS 

24 HOURS 

48 HOURS 

1 

gm. 



mm./mm. 




1.744 

0.750 



1.957 

0.500 

1.385 

3.052 

2.246^ 

0.250 

1.164 

1.792 

2.152 

0.100 

1.639 

2.600 1 

2.656+ 

0.075 

1.813t 

2.391 

2.215 

0.000 

0.894 

1,532 

1.349 

Maximum percentage of increase 

102.8 

69.72 

96.87 


* Each figure r^resents the average of 50 readings, 
t Maximum rate recorded, 

crease the rate of streaming in Nitella in a shorter time than they do in 
Elodea. 

The fact that the rather acid distilled water (pH 5.6) , used in making up 
the solutions, does not affect the streaming of protoplasm is shown by a com- 
parison of readings taken from plants in distilled water with those taken 
from plants in tap water (table V). 

TABLE V 

Elodea and Nitella in water 


Bate of streaming 


Plant 

Tap water 


Distilled water 

! 

2 HOURS 

24 HOURS 

48 HOURS 

Elodea 

0.2100 

mm,/min. 

0.2616 

mm./min. 

0.2412 

mm./min. 

0.2208 


0.2004 

0.2385 

0.2269 

0.2424 

Nttella 

1.894 

1.5590 

2.006 

1.3740 



0.8940 

1.632 

1.3490 
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Discussion 

The concentration of the solutions used in this experiment are necessarily 
far weaker than those used by Denny (4) in his work on the potato, because 
of the more delicate nature of the material used in this experiment and the 
method of treating it. That the rate of streaming of the protoplasm of 
Elodea md of Nitella is increased by treatment with ethylene chlorhydrin 
and thiourea implies that these chemicals must change the protoplasm in 
some way. In the earlier work of Seifbiz (16, 17, 18), Maximov (10), 
Nadson and Meisel (14), Nichols (16), and Weber (19) it was found that 
substances increasing the rate of streaming of protoplasm also decrease its 
viscosity, probably because they increase the dispersal of the colloidal par- 
ticles in protoplasm. Further experimental work must be done before it is 
possible to say that the chemicals used in this experiment have this effect 
upon protoplasm, and in this way help to bring about the breaking of 
dormancy. 

Summary 

1. Both ethylene chlorhydrin and thiourea in concentrations of less than 
1 per cent, and 5 per cent, respectively, after 24 and 48 hours’ treatment, 
increase the rate of streaming of the protoplasm of Elodea and Nitella cells. 

2. Concentrations of more than 1 per cent, ethylene chlorhydrin and 5 
per cent, thiourea are toxic to Elodea and Nitella, 

3. The maximum rates of streaming are produced by a solution of 0.01 
per cent, ethylene chlorhydrin in Elodea, and of 0.025 per cent, in Nitella; 
and by a solution of 0.01 per cent, thiourea in Elodea and Nitella, The maxi- 
mum increase in the rate of streaming of treated over untreated protoplasm 
averages 70 to 100 per cent. 

The writer wishes to express her gratitude to Dr. Helen A. Choate for 
suggesting the problem, and to Dr. Choate and Dr. Dorothy Day for their 
kind assistance in carrying out the work. 

Smith College 

Northampton, Massachusetts 
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SPBCTROGRAPHIC METHOD FOR DETERMINING THE CARBON 
DIOXIDE EXCHANGE BETWEEN AN ORGANISM 
AND ITS SURROUNDINGS^ 

(with two figures) 

The spectrographic method for the determination of carbon dioxide as 
here described makes use of the high opacity of COg gas to radiation in one 
of its fundamental infra-red absorption bands. The spectral region used 
is a band from 4.2 to 4.3 p. Two millimeters thickness of pure COg at atmos- 
pheric pressure transmits only 22 per cent, of this radiation. This region 
was selected because water vapor and practically all other gases and vapors 
commonly present in air are transparent to this radiation. 

Radiation of this wavelength is isolated from a suitable source (Nebnst 
filament) by an infra-red spectrograph, and allowed to fall upon a vacuum 
thermocouple after passing through a known optical path length of air con- 
tained in an absorption tube. The apparatus is calibrated by filling the 
absorption tube with air free from COg, then with samples of known concen- 
trations of COg, and the galvanometer deflections observed. For the range 
of concentrations from 0 to 0.1 per cent. OOg an optical path length slightly 
under 1 meter is used. With this arrangement the sensitivity of the appara- 
tus is such that a 1-mm. deflection represents one ten-thousandth of 1 per 
cent. COg. For most work half this sensitivity is ample, and it is easier to 
hold constant. Shorter path lengths enable the measurement of greater 
concentrations. 

The particular advantages of this spectrographic method are; (1) the 
sensitivity is as great as that of the best chemical method, (2) it gives instan- 
taneous measurements, (3) the measurements are independent of the humid- 
ity of the air and also independent of the presence of practically all other 
gases or vapors commonly found in air, (4) for ordinary room temperatures 
and pressures the apparatus has very small temperature and pressure correc- 
tions, and (5) it can be recalibrated in a few seconds. 

There are two factors in this method which limit the speed of response. 
One is the thermocouple-galvanometer system which by some sacrifice in 

1 A rapid and sensitive spectrographic method of determining the carbon dioxide con- 
centration of the air surrounding small living organisms has been developed by Ur. E. I). 
McAlister, of the Division of Radiation and Organisms, Smithsonian Insti^tion. It has 
proved so satisfactory in studying the carbon dioxide assimilation of young wheat plants 
that the Committee on Physical Methods deems it worth while to call attention to this 
unique method as a highly useful tool in studying some of the more intricate problems of 
photosynthesis and respiration of both plants and animals. — Earl S, J ohnston, Chairman* 
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sensitiTity can be reduced to respond in about 1 second. The other factor is 
inherent in the growth chamber. In a closed system this depends upon how 
fast the air can be circulated from the plant or organism into the optical 
absorption tube to insure complete mixing. In a system devised for work 
on young wheat plants and provided with temperature and humidity control 
this was accomplished in about 20 seconds, as can be seen from figure 1. A 



Fig. 1. Time response of the system. 


small fan enclosed in the system causes the air to circulate once around the 
system in about 5 seconds. It can be seen from this figure that after about 
four trips around the system any change in CO 2 concentration has been 
effectively equalized. 

The success of this method depends upon the use of a sensitive vacuum 
thermocouple and a high-sensitivity galvanometer. (Leeds and Northrup 
H. S. galvanometer with scale at 5 meters was used in this work.) Its 
reliability depends upon a steady output of radiation from the source and 
upon the zero’' of the galvanometer-thermocouple system. In the present 
setup a shutter operated by a synchronous motor enables the operator to read 
the deflection and the zero point every 30 seconds. This eliminates zero 
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drifts but keeps the operator busy. The apparatus can, of course, be made 
self-recording. The freedom from any effect due to changes in humidity of 
the air in the system was demonstrated by blowing, first, air nearly saturated 
with water through the system, next, by blowing the same air through after 
most of the water was removed by passing it through sulphuric acid and 
noting that no measurable deflection resulted. 

Figure 2 shows a typical set of data taken on 6 one-week-old Marquis 



o 5 /o /5 2.0 

Fig. 2. Typical data on a green plant (Marquis wheait). 


wheat plants. This shows how quickly the system follows the response of the 
plant. The short induction period seen in figure 2 during the first 2 minutes 
after illumination of the plants is surprisingly similar to that observed for 
algae by Warburg, Paauw% and others. It is to be noted, however, that by 
this method this induction period has for the first time been observed directly 
and not by the integration of the effect of a series of short exposures to 
light, each exposure being followed by a long period in darkness. — ^E, D. 
McAlister, Smithsonian Institution, Washington, D. C. 
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CAROTENOIDS OP THE PEACH^ 

The two main problems involved -in determining the nature of the 
carotenoid complex in a given material are, first, a thorough extraction 
of the pigments, and second, separation of the various components. In the 
case of the peach, the carotenoid concentration is definitely low, when com- 
pared with leaves, or with other fruits such as apricots, tomatoes, or peppers. 
The problem is further intensified by the difficulties inherent in drying this 
fruit without decomposition of pigments, and by the hygroscopic nature of 
the dried material. 

Through the courtesy of Dry Fruit Products Incorporated, of Oakland, 
the writer was furnished with powdered vacuum-dried peaches (Muir 
variety), of which approximately 45 per cent, passed a 60-mesh sieve, and 
only this portion was used in the extraction. The material absorbed some 
moisture as a result of exposure during sieving, weighing, and transfer opera- 
tions, and its moisture content was between 4 and 5 per cent. Of the 60-m^sh 
material 2.5 kilograms were steeped in acetone overnight. A second steeping 
showed that the carotenoids had been almost completely (90-95 per cent.) 
extracted, although the powder was still definitely colored with pigments 
which could be extracted with aqueous alcohol, but which were not trans- 
ferable to ether or petroleum ether. 

For purposes of comparison, 4.5 kg. of fresh Lovell peaches which had 
been placed in cold storage (0° F.) were dehydrated and extracted by the 
usual wet extraction method with acetone. 

In both cases, the carotenoids were transferred to petroleum ether (B. P. 
30^-70° C.), which was then thoroughly washed with water, dried and con- 
centrated under reduced pressure. 

Passage of the petroleum ether concentrates over a Tswett column of 
magnesia by the method of Strain (5) showed only minor differences, pos- 
sibly of a varietal nature, in the relative amounts of the carotenoid com- 
ponents present. The Muir extract contained sufficient pigment for more 
detailed examination. 

Development of the chromatogram gave four major zones, with a minimum 
of eight constituent carotenoids. The colored zone, least strongly adsorbed, 
consisted of 3-carotene, with a very faint trace of the a-component. This zone 
accounted for 35-40 per cent, of the total carotenoid coloring matter. Twelve 
mg. of recrystallized carotene were obtained from this zone. Absorption 
spectra maxima by the method of Smith (3) in carbon bisulphide were 512 
and 480 mp, characteristic of 3-carotene. 

The second zone, from which 5 mg. of impure pigment were recovered, 

1 Contribution from the Division of Fruit Products, University of California, Berkeley. 
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accounted for approximately 25-30 per cent, of the coloring matter. It 
was identified as cryptoxanthin, absorption maxima in carbon bisulphide at 
513 and 482 mp. When mixed in equal proportions with cryptoxanthin from 
PhysaUs alkekengi, furnished by courtesy of Dr. Strain, it behaved as a 
homogeneous fraction when adsorbed on magnesia. Addition of (3-carotene 
caused the formation of two zones on another test column. 

Prom the third zone were obtained two pigments in amounts of less 
than 2 mg. When partitioned between petroleum ether and 90 per cent, 
ethanol, they remained quantitatively in the petroleum ether phase. After 
treatment, however, by refluxing with alcoholic KOH for thirty minutes, the 
main portion could be extracted with 90 per cent, ethanol. The absorption 
maxima of these two pigments in carbon bisulphide and in ethanol were those 
of lutein and zeaxanthin, indistinguidiable from a- and 3-carotenes and 
their behavior toward solvents indicates that in the fruit they occur in an 
esterified condition. 

The fourth and most strongly adsorbed zone, containing less than 10 
per cent, of the color, on prolonged washing gave rise to three narrow bands. 
Absorption maxima were between those of lutein and zeaxanthin. Even after 
saponification, the pigments remained in the petroleum ether phase, when 
partitioned between this solvent and aqueous ethanol.^ 

Discussion 

So far as the writer ean ascertain, no examination of the carotenoids 
of the peach has been made, with application of the Tswbtt column tech- 
nique. The investigations of Strain (6) have shown that the leaf xantho- 
phyll complex consists of at least a dozen xanthophyll components, and it is 
becoming increasingly apparent that an equally complex carotenoid fraction 
exists in other parts of the plant, and that only the more abundant com- 
ponents have been at all adequately characterized. 

It is of interest that whereas the pigments of the apricot (1, 2), according 
to the work of Kuhn and Brockmann, consist largely of 3-carotene, v-caro- 
tene, and lycopene (all hydrocarbons in composition), those of the peach are 
(apart from the 3-carotene fraction) largely xanthophyll in nature. The re- 
sults reported by L. L. W. Smith and 0. Smith ( 4 ) may be readily inter- 
preted in accord with this. Studying a different problem, the effect of light 
on the carotenoids of certain fruits, they found a low concentration of 
carotenoids (1.9 mg. per kg. flesh) in the peach compared with 21.7 mg. in tiie 
apricot. When light was excluded from the fruit by bagging, there was a 
marked increase in the carotenoid content of the peach, and an almost equally 
striking decrease for the apricot. Red-fleshed varieties of tomatoes also had a 
lower carotenoid content when bagged. The apricot and the tomato both 
s In this respect they differ materially from antheraxanthin and petaloxanthin (7). 
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contain lycopene, whereas the peach apparently does not. It seems not im- 
probable that the increase in carotenoid content of the bagged peach noted by 
Smith and Smith is due to an increase in the esterified xanthophyll fraction, 
and the decrease in the other fruits due to their failure to develop lycopene in 
the absence of light. In any event, their results indicate fundamental differ- 
ences in the pigments of the peach and apricot. 

Summary 

Summarizing, we may conclude that the carotenoid fraction of the peach 
contains at least eight components. The four most abundant have been 
identified as p-carotene, cryptoxanthin, lutein, and zeaxanthin. Only a faint 
trace of a-carotene could be found. The vitamin A potency of the peach will 
of course, therefore, reside in the carotene and cryptoxanthin fractions. No 
trace of lycopene or of y-carotene was detected, in which respect the caro- 
tenoid complex of the peach differs materially from that of the apricot. — 
G. Mackinney, University of California, Berkeley, California. 
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BORON CONTENT OF APPLES AT DIFFERENT STAGES 
OF DEVELOPMENT 

In view of the current interest in boron as one of the elements essential for 
the normal growth of plants, and as a factor concerned in the occurrence of 
physiological disorders of the apple, the writers have determined the boron 
content of this fruit at various stages in its development. The material used 
was fruit of the variety Golden Russet originally collected by one of us 
(DbLonq) for another purpose. This fruit was apparently normal in all 
respects and quite unaffected by any physiological disorders. Dates of col- 
lection and other descriptive data are given in table I. It should be noted 
that all of the samples are composite, approximately equal numbers of fruits 
having been gathered from each of several trees at each collection. These 
trees were of uniform age, all in a vigorous condition, and bore, in the season 
of collection, fair to good crops of fruit. The orchard soil is a sandy loam 
with a clay subsoil. The orchard is not cultivated, but the weed-grass growth 
is clipped in June. The chief fertilizer used is barnyard manure. 

TABLE I 




Average 

Dry 

No. OF 
FRUIT IN 


Date of 

Laboratory 

FRESH 

WEIGHT 

Remarks 

COLLECTION 

NUMBER 

WEIGHT 

OF 

SAMPLE 



PER APPLE 

} SAMPLE 




gm. 

gm. 



5/6/34 . .. 

34-12 

0.311 

26.8 

1000 

Petals two-thirds fallen. 






Collected only fruit 
from which petals had 
dropped. 

1/7/34 . ... 

34-41 

3.46 

331.8 

275 

Starch beginning to ap- 






pear in fruit. 

31/7/34 

34-59 

36.79 

333.2 

60 


5/9/34 

34-78 

77.26 

457.7 

42 



34-78A 


119.4 

42 

This and succeeding * ^ A ’ ' 




j 


samples consist of the 
parings of the sample. 
Prior to this date the 
fruit was ashed with- 
out paring. 

1/30/34 .... 

34-109 

102.2 

603.0 

40 



34-109A 


‘ 117.3 

40 


16/10/34 

34-111 

108.2 

• 652.3 

40 



84-lllA 


1 113.1 

40 



The analytical samples consisted of forty-gram portions of the dried 
tissue in each case, except that of no. 34-12, in which the total dry weight 
amounted only to 26.8 grams, and the whole amount was taken. These were 
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ashed in the presence of an excess of ten per cent, potassium carbonate 
solution at a temperature of about 450® C. with lixiviation. The method of 
analysis of the solutions so obtained was that described by Smith.^ The 
results obtained are given in table II. 

These data indicate that in the healthy apple fruit the boron content 
progressively increases throughout the season. This increase is relatively 
very rapid for the period of active ceU division and rapid growth, during 
the month of June, after which the rate of accumulation of this element be- 
comes very much slower, although accumulation continues up to the time 
when the fruit is normally picked. In terms of parts per million of dry 
weight of tissue, however, the boron content shows a fairly rapid decrease 
during June and July, after which the amount present remains practically 
constant. When considered from either of the above viewpoints these re- 

TABLB II 


Laboratory number 

Boron per apple 

Boron, dry weight 

BASTS 


mg . 

p . p . m . 

34-12 

0.00087 

33 

34r-41 

0.0104 

22 

34-59 

0.079 

16 

34-78 

0.140 

13 

34-78A 

0.043 

15 

34-109 

0.178 

12 

34-109A 

0.044 

15 

34-111 

0.212 

13 

34-lllA 

0.043 

15 


suits emphasize the apparent importance of boron during the period when 
rapid growth of the fruit is taking place. The epidermal tissues, as repre- 
sented by the parings, do not seem to vary appreciably in boron content from 
the flesh of the fruit, although they are possibly somewhat higher. — J. C. 
Johnson and W, A. DeLong, Acadia University, Wolfville, Nova Scotia. 

1 Smith, G. S. The determination of email amounts of boron by means of quinali- 
zarin. Analyst 60 : 735-739. 1935. 




NOTES 


Thirteenth Annual Meeting. — The thirteenth annual meeting of the 
American Society of Plant Physiologists was held at Atlantic City, Decem- 
ber 29-31, 1936. The meeting was a very interesting and valuable one, 
and the program committee deserves great commendation for the manner in 
which a difficult situation was handled. The problem of accommodating 
the papers offered to the committee by a rapidly expanding membership 
becomes more severe every year. It is probable that the meetings will have 
to be extended to four days, or that the number of joint meetings held with 
other groups may have to be reduced if all papers are to be placed upon the 
program. The American Society for Horticultural Science has found a 
method of handling a very large number of papers in record time — 138 
papers in one day I They met in four sections with simultaneous meetings, 
and divided their papers into those to be presented by the authors, and those 
to be read on demand. One can imagine that the demand was not very 
great, with so many papers being presented in person ! There may be much 
in this technique worthy of consideration by other groups harassed by too 
many papers for the short meeting periods. 

The outstanding features of the program were the symposia on mineral 
nutrition including the minor elements, and on carbon dioxide assimilation. 
It is obvious, from comments overheard at the meeting, that programs of 
this type are of the greatest value to those who attend them. 

The annual dinner was held on Tuesday evening, December 29, at the 
Hotel Dennis. The retiring president, Dr. A. E. Mxtrneek, was unable to 
be present, owing to illness, and his address on recent advances in the phys- 
iology of reproduction in plants was read by Dr. Otis P. Curtis, vice-presi- 
dent of the Society. Other features of the dinner included the fifth award 
of the Stephen Hales prize, and the twelfth award of the Charles Reid 
Barnes life membership, details of which are noted later. Two members 
of the society were elected as patrons in accordance with the constitutional 
provision for those who have contributed sufficiently to the financial sup- 
port of the society. The secretary-treasurer made a very encouraging report 
which included the information that the society had passed the 500 mark in 
membership, and that library subscriptions had been notably increased 
during the year. 

Atlantic City redeemed itself as a convention city in mid-winter. In 
1932, the entire week was rainy; but the 1936 meetings occurred under 
almost ideal weather conditions. Only one day was rainy, and the week 
opened with weather warm and sunny enough for a summer day. Bvery- 
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thing considered, this meeting was one of the most satisfying ones in the 
history of the organization. 

Life Membership Award* — The Charles Beid Barnes life membership 
award was eistablished at the Kansas City meeting in 1925, the second annual 
meeting of the American Society of Plant Physiologists, and the first award 
was made at Philadelphia in 1926. At the Atlantic City meeting in 1936, 
the twelfth award of this honor was made to Dr. Daniel Trembly Mac- 
Dougal, pioneer among American plant physiologists, whose long career 
as Director of the Laboratory of Plant Physiology of the Carnegie institu- 
tion of Washington has been an inspiration to everyone. He published an 
early text book on plant physiology, second in point of time in America 
only to Goodale’s text, and in this way exerted a profound infiuence upon 
the development of experimental plant physiology in this country. He was 
a contemporary of Dr* Barnes, about six years younger than Barnes, and 
they were close friends. Dr. MaoDougal^s contributions to the literature 
of plant physiology have been numerous, and are so well and favorably 
known that they need no enumeration. The society is to be congratulated 
upon the selection, and the committee of award, under the leadership of 
Dr. John W. Shive, deserves great commendation for having exercised for 
the first time its highest constitutional privileges. 

Stephen Hales Award. — The fifth award of the Stephen Hales prize 
was made to Dr. EIenneth V. Thimann, formerly of the California Institute 
of Technology, now at Harvard University, for his contributions to our 
knowledge of the chemistry and physiological significance of the growth 
hormones of plants. He has also been a contributor of notable papers in 
the field of protein chemistry. Dr. Thimann was bom in England in 1904, 
and began to contribute actively to our knowledge of proteins at the age of 
22. He received his training and degrees at the Imperial College, Univer- 
sity of London (B.Sc., 1924; Ph.D., 1928), and distinguished Jbimself as 
Prank Hatton prizeman in Chemistry in 1924. Later he was a demonstrator 
at the University of London, and held a Beit Memorial Research Fellowship 
in biochemistry from 1927 to 1929^. In 1930 he was invited to join the staff 
of the William G* Kerckhoff Laboratories of the California Institute of Tech- 
nology at Pasadena. Here he began his brilliant contributions to the field 
of plant hormones. 

In the absence of the chairman of the Stephen Hales award committee. 
Dr. W. W. Garner of the United States Department of Agriculture, the 
candidate was presented for the award by Dr. Charles A. Shull. The 
certificate of award and the prize were conferred upon Dr. Thimann by 
President R. B. Harvey. A delightfully informal story of the career of 
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Dr. Thimann was presented to the Society by Dr. George S. Avery of the 
Connecticut College for Women. 

Rodney Howard True. — ^In celebration of the seventieth anniversary 
of his birth, this number of Plant Physiology is dedicated to Dr. Rodney 
Howard True, who has been for many years professor of botany, director 
of the Botanic Garden, and Director of the Morris Arboretum at the Uni- 
versity of Pennsylvania. Dr. True was born at Baraboo, Wisconsin, Oc- 
tober 14, 1866, won his earlier degrees at the University of Wisconsin, and 
his Ph.D. at Leipzig in 1895. He began his work in pharmacognosy at the 
University of Wisconsin, was lecturer at Harvard for a short time, and then 
plant physiologist in charge of physiological investigations in the Bureau 
of Plant Industry from 1902 to 1920. He went to the University of Penn- 
sylvania from the U. S. Department of Agriculture in 1920. His contribu- 
tions to our understanding of the relationships between root systems and 
the solutions in which they grow have been fundamentally very valuable. 
In other lands the ^‘Festschrift’’ has been developed as a means of celebrat- 
ing the seventieth birthday anniversary of those whose lives have been de- 
voted to scientific research. The American Society of Plant Physiologists 
is happy to dedicate this number of Plant Physiology to Dr. True in cele- 
bration of his seventieth birthday anniversary, reached on October 14, 1936. 
With the dedication go the good wishes of all that Dr. True may have many 
more years of happy and satisfying activity. 

Finance Committee Report. — ^During the year 1936, two of the bonds 
possessed by the American Society of Plant Physiologists were called for 
redemption. One of these was a Texas Corporation bond, the other a gold 
debenture of the American Telephone and Telegraph Co. The funds ren- 
dered liquid by these calls have been reinvested, partly in a Texas and 
Pacific R. R. general and refunding bond, and partly in shares of Massachu- 
setts Investor’s Trust. The purchase of the latter investment was dictated 
by the present unhealthy condition of the bond market, and by the need of 
a hedge against a moderate inflation which has by no means yet run its course. 

The Society’s permanent funds amount to nearly $8,000, with $2,000 in 
the Stephen Hales endowment, $3,000 in the Charles Reid Barnes fund, 
$1,400 in life memberships, slightly less than $500 in the general endowment, 
and securities of unknown value in the reserve, represented by $1,100 in real 
estate gold bonds. The first several funds are adequate to support their 
objectives at present, but the general endowment should be increased fifty- 
fold in order to contribute substantially to the publication program. 
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Abstracts. — Occasionally authors have failed or refused to submit ab- 
stracts of their papers appearing in Plant Physiologt. These abstracts 
are collected by the editor for use in Biological Abstracts. As long as this 
cooperalaon is needed by Biological Abstracts, it is the duty of authors to 
respond with an abstract typewritten on the blanks sent out with the galley 
proofe. The task of editing the papers used in Plant Phtsiologt has be- 
come so large that there is no time that can be devoted to writing repeatedly 
to delinquent authors. To clear this situation, the editor proposes to place 
with the printers of ttie journal more papers than are currently needed for 
each issue. When the forms mqst be closed, the issue will be made up of 
thosq papers whose authors have complied with the abstract requirement. 
The editor does not wish to assume the duty of even reminding authors that 
they have not sent an abstract. The abstract blank is supposed to be en- 
closed with the proofs, and is sufScient notice that it should be returned along 
with the corrected galleyS. 

Mi^ods in Plant Phymology. — A laboratory manual and research hand- 
book of methods in plant physiology was published on January 1, 193T^y 
the McGraw-Hill Book Co., New York. The authors are Dr. W. 
lowaiBtate College, and Dr. C. A. Shull, University of Chicago. One^BiP- 
ter on statistical methods was contributed by Dr. Gboege W. SNEDEcda, 

State College. 

The first part of the book contains thirteen chapters, twelve of which are 
devoted to large sections of plant physiology, arranged in logical order. 
There are 182 experiments in all, and each experiment bears a designation 
to indicate whether it is elementary in character, intermediate, or advanced. 
The work can be adapted, therefore, to beginners, as well as to intermediate 
students, and to advanced or graduate students. The work can be made to 
serve as a laboratory manual at any level of training desired. 

The'seeond part js devoted particularly to methods useful in preparing 
for research in plant physiology. There is a chapter on general procedures, 
followed by six chapters dealing with analytical work. The first of these 
considers the collection of samples, killing, preserving, and extracting pliant 
materials. Then follow chapters on the soluble carbohydrates, colloidal car- 
bohydrates, soluble nitrogen, colloidal nitrogen, and plant ash. There is a 
chapter on physical measurements, and one on the measurement and control 
of environment. The final chapter is on statistical methods. Am a pp enfjjj 
provides §3 tables useful to the physiologist in his caleulftion^|||K^|||l 
472 pag^, with the index, and the publisher ’s price is $4.59 
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EFFECT OF LIGHT INTENSITY ON THE PHOTOSYNTHETIC 
EFFICIENCY OF TOMATO PLANTS^ 

Alton Millett Porteb 
(with one figure) 

Introduction 

The tomato stands foremost among the several vegetable plants which are 
cultivated as greenhouse crops. In its culture under glass, especially in the 
northern states, the question of suflScient light for its best development and 
highest productivity arises and becomes acute. The light of the natural day, 
during the winter months, appears to be inadequate with respect to its dur- 
ation and also to its ordinary intensity. 

Certainly photosynthesis is one of the most fundamental processes which 
condition plant behavior and production, and light is a major factor in its 
dynamic complex. Neglecting the characteristics of light, other than its 
intensity, how is its intensity related to the rate, the so-called eiBciency, of 
photosynthesis f More particularly, what is this relationship respecting the 
tomato plant, when grown under greenhouse conditions ? A study of this 
induced by the desire to extend the knowledge disclosed by investigations 
already made and reported — ^was completed and is herein presented. 

Review of literature 

The effects of strong, diffused light on photosynthesis were extensively 
studied bv Muntz (10) in 1913. He found from field observations that 
alfalfa produced less dry matter per square centimeter of leaf area in the 
summer of 1911— a summer unusually free from clouds— than in 1910, when 
cloudy skies prevailed much of the time. Additional observations were made 
in the laboratory where it was possible to equalize the amounts of wrter 
received by the lots of plants grown under different light intensities. The 

1 Journal article no. 109 n.s., Michigan Agricultural Experiment Station, East Lansing, 
Michigan, 
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results of the laboratory experiments accorded with those obtained from the 
work in the field. He concluded that, carbon assimilation is governed and 
limited by the intensity of the light. 

Lubimenko (8) and Popp (16) found that in heliophilous plants the rate 
of the accumulation of elaborated materials was increased with increase in 
the light intensity, up to an optimum point, and that any increase beyond 
this optimum resulted in a decrease in the rate. Heliophobous plants be- 
haved in the same manner, the optimum, however, being at a much lower 
point than that for the heliophilous types. 

Arthur, Guthrie, and Newell (1), working with 30 different species 
of plants, found the tomato to be the most sensitive to light. Light inten- 
sities of 350, 450, 760, 800, 1200 and 1400 foot-candles were used conjointly 
with lengths of day which ranged from 5 to 24 hours. This revealed the fact 
that the ‘‘time factor^’ was of importance. The peak of increase in carbo- 
hydrate production was reached at higher light intensities with the 12-liour 
day. Injurious effects resulted when the day was lengthened to 17 and 3 9 
hours. The maximum carbohydrate increase was reached with the 17- and 
19-hour day when lower light intensities were used, or at the point of injury 
for the higher intensities. 

Combes (2), working with potatoes and other tuber-forming species, 
found that the higher the light intensity, the greater was the accumulation 
of elaborated organic compounds in the storage parts of the plants. Appar- 
ently, at lower intensities the storage function ceased and the entire amount 
of the products of photosynthesis was consumed in the growth of the aerial 
parts of the plant. 

DeBesteiro and Durand (3) obtained very definite results, experiment- 
ing with the garden pea. The plant ^s dry- weight increase was in direct pro- 
portion to the intensity of the light employed for its irradiation. 

Smith (18) and Yosnii (24) experimented with several of the different 
environmental factors, and, of these several factors, light intensity had the 
greatest effect on the production of carbohydrates in cereals and peas. Their 
data show a greater production of carbohydrates under the condition of short 
days with bright sunlight than that of long days with reduced sunlight, 
although the product of the intensity and the duration of light was higher 
in the latter case. 

Kostytschew and Kardo-Syssoiewa (7) found that desert plants in- 
creased in carbon assimilation up to an optimum light intensity and decreased 
as the intensity went above this point. Later in the day, as the light intensity 
fell to the optimum point, the carbon assimilation again reached a maximum 
causing the daily curve of photosynthesis to show two peaks in its outline. 

The literature which bears directly on the question of the response of the 
photosynthetic function to the factor of light intensity is not plentiful. The 
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foregoing references are not all, but are representative of those of greater 
importance, and, also, are sufficient to show the existence of a quantitative 
relationship between these two phenomena. 

Besides a direct effect of light, with respect to its intensity, upon the 
behavior of the photosynthetic process, acting as a catalytic and energizing 
agent, it appears to affect certain other factors, which are essential in the 
process. Among these are the chlorophyll content of the leaf and its ana- 
tomical structure; the latter being important with reference to the rate of 
the diffusion of gases into and within the leaf's interior. 

WiLLSTATTEE and Stoll (23) observed that the rate of photosynthesis 
increased with the chlorophyll content, but were unable to establish a definite 
quantitative relationship between the two — the function and the independent 
variable. 

Palladin (13) and Lubimenko (8) state, on the basis of their experi- 
ments, that heliophobous plants are relatively higher in chlorophyll content 
than heliophilous plants. The latter investigator was able to establish the fact 
that the optimum light intensity for photos 3 aithesis is lower in correspon- 
dence with reduced content of chlorophyll. Shade plants at the lower light 
intensities were as efficient in photosynthetic activity as non-shade plants at 
these same light intensities. 

A number of more recent investigators, Johnston (6), MacDougal (9), 
Spoehr (19), and Wiesner (21), working with long day plants, report that 
the amount of chlorophyll in the leaves of plants increased in direct propor- 
tion to the average quantity of light received by them. 

Sprague and Siiive (20) demonstrated that there was a degree of rela- 
tionship betwen the total chlorophyll content and the dry weights of tops 
in corn. The total quantity of chlorophyll contained in the leaves of the 
various strains of maize correlated closely with their dry weights at suc- 
cessive harvests. Strains that showed a high chlorophyll concentration per 
unit of leaf area also had high average rates of increase in dry weights of 
tops, and vice versa. This ratio between the total chlorophyll and dry weight 
of tops was practically identical with all three strains of corn tested. 

Emerson ( 4 ), working with Cklorella^ observed that plant cells low in 
chlorophyll reached their maximum rate of photosynthesis at approximately 
the same light intensity as normal cells. Tn working with different chloro- 
phyll concentrations in plants that were kept constant in these variations, 
with the same light intensity, he found that the rate of photosynthesis in- 
creased at the same speed regardless of the chlorophyll concentration. The 
conclusion was that chlorophyll is probably a chemical reactant in photo- 
synthesis as well as being the pholosensitizer which absorbs the radiant 
energy necessary in the process. 
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Hayden (6) and Poole (14) found the spongy parenchyma cells (meso- 
phyll) of the leaves were poorly developed in sun plants, but in shade plants 
these cells replaced the palisade cells. 

Shibata (17) observed that light intensity had a definite effect on the 
anatomy of the leaves, in that the epidermal cells are smaller in short day 
plants. OsTBRHOtTT (12), and Nightingale and Mitchell (U) observed 
that leaves were thicker and had more elongated and more densely packed 
palisade cells as the average light intensity was maintained at a higher point. 

The literature leaves no doubt concerning the direct, and also indirect, 
importance of light intensity in the plant's photosynthetic behavior. The 
results cited from the work of Arthur, Guthrie, and Newell (1) are espe- 
cially significant and helpful, since the tomato plant itself was among those 
used in their experiments. However, additional contributions from con- 
trolled experimentation are desirable and necessary before the matter of the 
use of artificial light in forcing houses, devoted to tomato growing and, pro- 
duction, can be certainly and soundly determined. 

Procedure 

The tomato plants used in the experiment were of the Grand Bapids 
Forcing variety. The seeds were sown in greenhouse flats on January 26, 
1933. On February 3 a large number of seedlings were selected and pricked 
off into two-inch pote. These were transferred on February 12 into four- 
inch pots and left therein until March 1, or until their development was such 
that they were ready for final transplantation. On that date, 36 of the plants 
were selected from the remaining 108, and transferred to 14~inch pots, in 
which they were grown singly and to full maturity. 

The soil was a fairly rich orchard loam, which had been previously 
screened and thoroughly mixed, by having been shoveled over, in bulk. Its 
uniformity was as good as could be expected and secured. 

The 36 plants were divided into three lots of 12 each, and each of the lots 
was placed, with wide spacing, on a separate greenhouse bench where the pots 
were surrounded by moist sand (afterwards kept moistened), to a depth of 
5 inches. During the course of the experiment, the position of individual 
pots within each lot was systematically shifted twice each week. The num- 
ber of clusters of fruit per plant was restricted to five. 

A 14-hour day was maintained over the plants of each lot. Extension 
of the regular daylight period was accomplished by means of a 1000-watt 
electric lamp, with dome reflector and adjustable in height, suspended cen- 
trally above each group of plants. A wooden frame was constructed above 
each of two of the bendbes, under each light, and made to be vertically mov- 
able. One of these frames was covered with one layer of white cheesecloth, 
the other with two layers. This effected three respective intensities of the 
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light, both natural and artificial, for the plants : no shade, or full intensity^ 
one-half intensity, 50 A per cent,; and a little less than one-fourth intensity, 
22,3 per cent. The shades were kept adjusted in their heights so as always 
to be approximately 24 inches above the tops of the growing plants. 

It was aimed, of course, to keep the conditions of the environment, aside 
from the controlled variations in light intensity, the same for the three 
benches. Data were recorded for relative humidity, air temperature, and 
soil temperature, under each of the three light conditions, from March to 
July, by use of hygrothermographs and soil thermographs. 

Additional information regarding methods — those more particularly 
technical — ^is given, where appropriate, in the following section, with its 
presentation of the data obtained. 

Experimental results 

Growth response and leaf area 

Possible relationships between each of several different linear measure- 
ments of the tomato leaf and its total area were examined in a previous ex- 
periment (16). The length of the leaf from the base of its first leaflets to 
the tip of the midrib proved to be the most accurate index. The type of 
association was clearly curvilinear, and, specifically, parabolic in the second 
degree. The derived equation was y (area) = 3.16 + 0.417x + 0.307x*.* 

All of the leaves on each plant in each of the three lots were measured, 
in the manner indicated above, at intervals of three to seven days, and their 
areas calculated through the given equation. The data are presented in 
table I. 

As shown by these data, expansion in leaf area was both continuously and 
finally the greatest for the plants under the lowest light intensity, next 
greatest where medium intensity prevailed, and least in the unshaded con- 
dition. The orderliness of the change in the daily rate of the increase in the 
foliar surface of the unshaded plants is outstanding. This rose over gradual 
steps to a distinct maximum (April 22), and thereafter fell off consistently 
to zero at the end. Differing from this, the other two maxima were reached 
more quickly and much earlier in the life of the plants, and were maintained 
over longer periods of time. 

Thus, the usual result w^as obtained. Growth, when measured in terms 
of leaf area, augments under reduced light intensity. The leaves attain 
greater size, but commonly are thinner and may have even less total mass. 
The greater spread of leaf surface gives increased exposure to the light, such 
as it is, and tends in some degree to compensate on the whole for the lesser 
quantity of light received per unit of exposed surface. 

STMs leaf area equation nas tested out on about 20 leaves from each of the three 
sets of plants and was found to ai>ply equally well. 
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TABLE I 

Growth bebpohss m trrms of leaf area 


Date of 

MEASUREMENT 

Average leaf area per plant 

Average daily increase in leaf 
AREA per plant 

No 

shade 

1 LAYER 
CHEESE' 
CLOTH 

2 LAYERS 
CHEESE** 
CLOTH 

No 

SHADE 

1 LAYER 
CHEESE- 
CLOTH 

2 LAYERS 
OHEESE- 
CLOTH 

March 

28 

sq. cm, 
1350 

sq. cm. 
1503 

sq. cm. 
1625 

sq, cm. 

sq. cm. 



sq. cm. 

April 

4 

1649 

2253 

2473 

42.7 

107.0 

116.0 

April 

8 

1888 

2687 

3122 

59.7 

105.8 

162.1 

April 

11 

2088 

2894 

3594 

66.6 

100.4 

157.1 

April 

15 

2358 

3408 

4202 

67.5 

107.5 

152.0 

April 

18 

2668 

3646 

4694 

102.8 

77.7 

158.5 

April 

22 

3188 

3901 

5294 

130.0 

63.6 

147.5 

April 

29 

3754 

4303 

6259 

80.7 

57.3 

■139.0 

May 

6 

1 4164 

4680 

6649 

58.5 

56.1 

55.6 

May 

13 

4325 

5033 

6764 

23.0 

48.0 

16.4 

May 

20 

4485 

5433 

6868 

13.3 

57.0 

14.8 

June 

5 

4563 

5559 

7072 

6.5 

7.9 

12.7 

July 

3 

4563 

1 

5559 

i 

7072 





Growth response and stem elongation 

The measurements taken for leaf area were accompanied by determina- 
tions which gave the growth rate of the main axis of the plants, under each 
light treatment. The distance measured was that of the stem axis. The 
period of these intermittent measurements was April 4 to June 5, when the 
plants were pinched out at the top, and thus restricted to the production of 
but five fruit clusters per plant. Table II gives the data. 

The responses in stem elongation were akin to those shown for increases 
in leaf area. Growth in height, as reflected in more attenuated internodes, 
was more rapid as shading was heavier, and the plants taller at the time of 
being topped. The maxima for the rates of elongation were in the same 
order as those followed by the leaves, and their occurrences in time prac- 
tically identical with those which obtained for the leaves. 

Growth response and fruit production 

These measurements were made by tagging each fruit of each cluster, 
giving the date of set, and^^ecording the number of days necessary for it to 
attain its full weight. This information was assembled and totaled, giving 
comparative figures to illustrate the effect of light intensity on fruit set and 
production. The data are presented in table III. 

The amount of fruit, set under reduced light intensity is much less than 
under normal light. • In the early part of the season when the plants were 












TABLE II 

Growth sfsponse in* terms of stem elongation 
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receiving a relatively small amount of light the fruit set was in inverse pro- 
portion to all amounts of shading, but as the season progressed and light 
intensity became higher the fruit set correlated closely with the foot-candle 
hours of light (table VII) to which the plants were exposed. 

Fruit production requires a greater area of leaves in proportion to the 
amount of shading the plants receive. The fruits attain greater weights and 
ripen sooner when the light intensity is not reduced. 

Growth response and total plant production 

The data for total plant production determined on twelve individuals 
under each of the three different light intensities are shown in tables IV, V, 
and VI. A cursory glance at these data shows that individual tomato plants 
vary within wide limits. The weights taken for total plant production show 
a variation in plant food under each light treatment that is less than the 
differences in light intensity. 

In accordance with expectatjans, increases in light available for carbo- 
hydrate formation showed a greater quantity of fresh, dry, ash, and plant 
food weights in the average case. The rate of photosynthesis was slowed up 
according to the amount of light reduction in each block. The differences in 
light intensity appeared to have less effect on the ash content of the plants, 
but are in a rather definite relation with the average results on the fresh, dry, 
and plant food weights in jjX parts of the plants. The plant food manufac- 
tured per unit of leaf aji aa is greatest under the no-shade condition and is 
reduced according fo the amount of shade the plants receive. This efiBciency 
in food manufac,;te^^^^m& to have a definite effect on the plant material used 
in fruit produirtSto in approximately the same ratio as the average 

decreased plant feBBei#icy 'where shaded. It would seem from this informa- 
tion that diftiminees in Jight intensity during the seasons of the year are the 
direct cauflMrIor vaiJPi^lfions in plant efficiency in growth and fruit produc- 
tion, but 10 19 . table IV, plant 11 in table V, and plant 11 in table VI 
are practicOBy equal in their efficiency under each respective condition. 
This appears to.indicate that plant variation is responsible for some of the 
differences in photosynthetic activity under the different light intensities. 

Environmental conditions 

(CcpwriBiental aim, as stated earlier, was to have the same length of 
day (U houraj for the three lots of plants, while having them exposed to 
three different %ht intensities. Light measurements were made daily, at 
two-hour interval^ throughout the period of growth, by means of a Clements’ 
photometar. The* data for these measurements are presented in table VII. 

It is dear, froai examination of table VIT, that the graduations of light 
intensity, esh|blished in the beginning by means of shading, were maintained 



TABLE IV 

Growth response in terms op total plant production by plants not shaded 


234 


PLANT PHTSI0L06T 



Pry weight minus ash uveight, 



table V 

Growth response in terms op total plant production by plants shaded with one later op cheesecloth 
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Dry weight minus ash weight. 



TABLE VI 

GSOWTH BESFONSE in TEBUS op total plant PBODUCTION BT plants shaded with two layers op GHEES] 
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'I 

i 

pH 


gm. 

112.1 

96.3 

105.7 

115.8 

103.9 

108.1 

95.0 

.91.4 

116.3 

97.0 
117.5 

87.3 

1245.4 

103.8 

258 


,< 0 THt» 0 » 05 < 0 iHC 0 rHea« 0 tH 

St^cooodt>c4ip^tc>’^ooLn 

oa «D 

0> CO 

W rH 

\a rH 

1 

gm. 

16.8 

12.8 

12.3 

17.9 

7.4 
13.5 
10.7 

9.9 

8.4 
3.8 
5.6 
3.3 

122.4 

10.2 

25 

Tops 

gm. 

57.7 
37.4 

42.7 

49.0 
48.6 

42.0 

39.2 

55.2 

60.8 

49.0 

43.3 

38.9 

563.8 

45.3 

116 

Ash weight 

1 

gm, 

27.9 
23.7 
17.3 
27.2 
20.1 

25.9 
22.0 

17.6 

22.7 

17.0 

19.5 

24.7 

265.6 

22.1 

54 

1 

g os CO rH fH oa 0> 00 rH Oi 

^oioicocoeocoeifHwoi^'w 

35.8 

3.0 

7 



33.6 

2.8 

7 

C0~” 

% 

.co<c>«oO'^ooqoqo;jot>jTH 

SrHt^pHO>l«00<C>eOI>-COCOOi 

^OarHr-IrHrHTHiHTHtHi-IrHrH 

03 -tlj 

CO CO o 

0> rH 

tH 

Dey weight 

1 

1 

Ph 

200«oeo■^'^^<t»c»»QO^^^e<^ 
SS-^eqW^C^COrHOCOrHeOiH ' 
rH rH r*H tHI rH 

rH CO 03 

iH ©3 tH 

kO iH CO 

rH 

tfoas-^oatHoooQOOib-eoQO 

US O tH 

0> US 03 

US tH 

w 

gm. 

21 

16 

15 

23 

9 

18 

13 

12 

11 

5 

7 

6 

156 

13 

32 

Tops 

gm. 

79 

55 
54 
68 
64 
60 

56 
69 

78 

62 

57 

58 

760 

63 

156 

s 

w 

I 

H 

gm, 

1573 

1431 

1595 

1624 

1505 

1634 

1542 

1179 

1599 

1420 

1829 

1464 

18395 

1533 

3790 


gm, 

726 

885 

983 

945 

933 

1016 

878 

510 

892 

849 

1327 

875 

10819 

902 

2230 

w 

gm, 

155 

132 

120 

199 

77 

142 

124 

87 

91 

32 

68 

35 

1262 

105 

259 

1 

gm, 

692 

414 

492 

480 

495 

476 

540 

582 

616 

539 

434 

554 

6314 

526 

1300 



•1 

2 

3 - 

4 

5 

6 

7 

8 

9 

10 

11 .-. 

12 

Total 

Av. per plant.. 

Av. per sq. 
meter of leaf 

area 


Dry weight minus ash weight. 


Light intensity 
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with close approximation, as the season advanced and ended. While the 
general intensity of the sunlight increased gradually for all, the three ex- 
perimental conditions of full intensity, one-half intensity, and one-fourth 
intensity continued to hold and to be effective. 

General correlation of these controlled variations in light intensity, previ- 
ously shown with the differences in growth responses of the three lots of 
plants, is obvious. The relationship is itself negative in character for leaf 
area, and positive for fruit production and for total plant production. In 
order to facilitate inspection, certain figures from the preceding tables are 
brought together in table VIII. 

TABLE VIII 

Belationship op light intensities to geowth eesponses op the plants 


Light 

INTENSITY 

1 Total POOT 
candle 

hours op 
light 
(Table VI ) 

AV. LEAP 

area per 

PLANT 

(Table i) 

i I 

Average 
height op 

plant 
(Table ii) 

Total 
weight op 

PRUIT 

(Table hi) 

Total i^resh 
weight op 

PLANTS 

(Tables iv, 

V, VI) 

Unshaded 

2097722 

sq . cm , 

4385 

cm , 

81 

qm 

22034 

gm , 

29578 

1 layer cheese- 
cloth 

1073627 

5559 

102 

14607 

23157 

2 layers cheese- 
cloth 

481342 

7072 1 

1 

1 117 1 

1 10819 

18395 


However, the association which is apparent in table VITI can have 
validity only in case certain other factors, which are known to condition the 
photosynthetic rate and, consequently, growth, remained sufficiently constant 
during the experimental period. Table IX gives data respecting three such 
factors — ^these being the principal ones which required consideration and 
control. 

These three factors were relatively uniform for each block of plants. 
Their variations in the three treatments is regulated somewhat by the light 
intensity. Thus, light intensity variation mainly accounted for the plant 
growth responses under each condition. 

Daily periops op measurement 

The data which have been presented show, beyond doubt, a relationship 
between the behavior of the plants and the different light intensities under 
which they grew and matured. The evidence, however, is general in nature 
and not such as to be adequate for those mathematical processes which > ield 
quantitative expressions of correlation. 
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TABLE IX 

Aik temperatueb, soil temperature, and relative humidity during growth period 


Aie temperatttre 


Month 

No SHADE 


1 LAYER CHEESECLOTH 

2 LAYERS CHEESECLOTH 


Max. 

Min. 

24-hr. 

AV. 

Max. 

Min. 

24-hr. 

AV. 

Max. 

Min. 

24-hr. 

AV. 



OF, 

°F, 

°F, 

op. 

op. 

op. 


op^ 

March 

73 

56 

62 

82 

58 

66 

80 

68 

67 

April 

88 

55 

65 

86 

55 

66 

86 

56 

66 

May 

86 

85 

66 

90 

55 

67 1 

i 90 

55 

66 

June 

98 

46 

73 

95 

48 

71 

1 95 

4S 

71 

July 

106 

55 

76 

100 

54 

73 

1 102 

56 

70 
















Roil tempfratuke 




Month 

No SHADE 


1 LAYER CHEESECLOTH 

1 2 LAYERS CHFESECLOTH 


Max. 

Min. 

24-hr. 

AV. 

Max. 

Min. ' 

24-hr. 

AV. 

Max. 

Min. 

24-hr. 

AV. 



ojr. 

ojr. 

ojr. 



op. 

°F. 

op. 

Mai eh 

62 

62 

62 

66 

61 

63 

72 

60 

64 

April 

63 

60 

62 

67 

60 

64 

70 

60 

66 

May 

63 

60 

62 

69 

60 

63 

74 

60 

66 

June 

65 

58 

62 

76 

59 

60 

82 

53 

74 

July 

1 « 

59 

1 63 

77 

60 

71 

82 

65 

74 





_ - — 

— 


- — _ 



— r 

-- - 


Month 


M.ti (*h 

Apiil 

May 

June 

July 


XlfXiUJXXXV la XJl vy AU.Xl/1 J. A 


NoSH\DE 1 1 LAYER rnEESF( LOTH I 2 LAYERS CHEESECLOTH 


Max. 

Min. 

24 HR. 

AV. 

Max. 

Min. I 

24 -HR. 
AV. 

Max. 

1 

Min. 

j 24-hr. 

AV. 

^F. 

°F. 

°F. 1 

<=>F. 


°F, \ 

np^ 

°F. 

°F. 

76 

40 

61 

80 

41 

65 

80 

41 

62 

S3 

32 

64 

84 

38 ' 

^ 7 3 

84 

38 ! 

65 

84 

27 

68 

90 

42 

1 79 

1 84 

30 

72 

84 

30 

68 

90 

1 

75 

1 

1 30 

73 

91 

28 

63 

85 


72 

84 

o 

CO 

70 






[ 

— 


1 

1 


The plant materials manufactured by the plants on twelve dates, spread 
over the period of growth, were determined on seven periods durinj^r each of 
the days. This procedure for estimating the photosynthetic activity was 
that termed the ‘ ‘ Modified Saehs Method. ’ ’ It consisted of takiugf 2 sq. cm. 
of foliage from each plant every 2 hours in sample bottles and weighing in the 
fresh condition. These small discs of the leaves were then heated in the oven 
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at 70° C. for 12 hours and then at 95° C. for 6 hours, when they were re- 
weighed. After drying they were put in crucibles and ashed, and again 
reweighed. The dry weight minus the ash weight was the amount of photo- 
synthesized product in each sample. Correction for respiration and trans- 
location was made by adding the average loss in weight per 2 hours during 
the night to the difference in weight of the 2-hour samples during the day. 

Light in each block of plants was measured at 2-hour intervals with a 
Clement’s photometer in which solio paper is used, and comparisons made 
with a standard. On days when photosynthetic activity was determined, 
the Macbeth illuminometer was also used in order to get readings in actual 
number of foot-candles. The data are presented in tables X, XI, and XII. 

TABLE X 

Photosynthate and light intensities fob unshaded plants 


Period op day 


Date 

Variables 

4-8 

A.M. 

8-10 

A.M. 

10-12 

A.M. 

12-2 

P.M. 

2-4 

P.M. 

4-6 

P.M. 

6-8 

P.M. 

April 

7 

Photosynthate 

1.12 

1.11 

1.60 

2.96 

5.84 

2.44 

0.36 



Light intensity 

606 

1200 

1 1411 

2408 

2314 

1207 

117 

April 24 

Photosynthate 

1.60 

1.46 

j 0.16 

2.16 

4.20 

1.40 

1.64 



; Light intensity 

200 

400 

444 

387 

256 

139 

87 

April 

29 

1 Photosynthate 

1.64 

3.06 

3.06 

4.08 

1.24 

2.28 

1.60 



1 Light intensity 

, 732 

1464 

2553 

2553 

1445 

806 

337 

May 

5 

Photosynthate 

1.48 

1.46 

1 1.44 

1.60 

1.76 

0.56 

0.27 



Light intensity 

212 

424 

j 393 

394 

287 

116 

87 

May 

13 

Photosynthate 

1.06 

1.06 

1 1.44 

2.64 

0.88 

0.72 

0.34 



Light intensity 

237 

446 

1 286 

1285 

2408 

2408 

337 

May 

14 

Photosynthate 

1.28 

1.40 

i 2.00 

3.96 

1.68 

1.80 

0.36 



Light intensity 

1164 

2078 

2409 

2503 

1800 

687 

140 

May 

23 

1 Photosynthate 

2.48 

1.80 

■ 0.76 

1.84 

7.84 

1.24 

1.68 



1 Light intensity 

1206 

2172 

2588 

2937 

2730 

1376 

736 

May 

24 

Photosynthate 

1.52 

3.20 

I 4.96 

1.32 

2.92 

1.76 

1.60 



Light intensity 

637 

1230 

1 2499 

2435 

2100 

1350 

736 

Juno 

9 

Photosynthate 

3.76 

3.32 1 

2.76 

6.04 

3.00 

2.92 

1.96 



Light intensity 

739 

1369 i 

2533 

2855 

2344 

964 

674 

June 

15 

Photosynthate 

1.84 

1.40 

2.76 

4.88 1 

2.96 

2.76 

2.16 



Light intensity 

100 

186 

277 

278 i 

944 

910 

121 

June 

16 

Photosynthate 

1.88 

2.76 

5.44 

7.20 

5.12 

1.60 

1.40 



Light intensity 

210 

330 

3480 

3906 

3773 

3039 

1674 

June 

17 

Photosynthate 

4.03 

2.64 

1.52 

9.20 

5.12 

1.60 

1.08 


I 

Light intensity 

940 

1734 

1503 

3155 

4235 

3115 

1769 


Av. photosynthate 

582 

1086 

1520 

2091 

2053 

1426 

578 


Lififht intensity 

1.89 

2.05 

2.32 

3.99 

3.54 

1.75 

1.20 
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TABLE XI 

PHOTOSYNTHATE and light intensities POE PLANTS SHADED WITH ONE LAYEE 

OP CHEESECLOTH 


Period op day 


Date 

Variables 

4-8 

A.M. 

8-10 

A.M. 

10-12 

A.M. 

12-2 

P.M. 

2-4 

P.M. 

4-6 

P.M. 

6-8 

P.M. 

April 

7 

Photosynthate 

1.00 

0.76 

0.16 

0.28 

3.44 

1.44 

0.36 



Light intensity 

100 

202 

246 

236 

128 

49 

24 

April 24 

Photosynthate 

1.00 

1.06 

1.36 

1.28 

2.16 

2.80 

0.80 



Light intensity 

337 

648 

768 

1245 

1135 

544 

49 

April 29 

Photosynthate 

0.92 

1.60 

1.72 

1.84 

1.84 

2.00 

0.60 



Light intensity 

462 

739 

1182 

1281 

813 

739 

247 

May 

5 

Photosynthate 

1.42 

0.88 

1.60 

1.04 

1.60 

0.12 

' 0.16 



Light intensity 

104 

241 

187 

187 

136 

83 

64 

May 

13 

Photosynthate 

0.80 

0.60 

1.80 

1.32 

0.52 

0.24 

0.28 



^ Light intensity i 

106 

207 

182 

677 

1163 

1231 

187 

May 

14 

Photosynthate 

1.00 

1.64 

1.60 

1.16 

1.72 

0.88 

0.16 



Light intensity 

737 

1207 

1251 

1409 

914 

352 

47 

May 

23 

Photosynthate 

1.68 

1.48 

0.16 

1.28 

1.32 

1.12 

0.04 



Light intensity 

737 1 

894 

1191 

1113 

1113 

689 

306 

May 

24 

Photosynthate 

1.68 

2.24 

1.48 

1.04 

1.52 

0.96 

0.40 



Light intensity 

331 

532 

1170 

1180 

1259 

532 

306 

June 

9 

Photosynthate 

0.76 

0.12 

1.16 

0.32 

1.20 

2.48 

0.16 



Light intensity 

312 

692 

1069 

1424 

1177 

409 

394 

June 

15 

Photosynthate 

0.40 

1.06 

1.40 

2.36 

1.28 

2.24 

0.04 



Light intensity 

100 

153 

128 

157 

476 

451 

86 

June 

16 

Photosynthate 

1.46 

2.74 

0.12 

2.64 

2.40 

1.28 

0.40 



Light intensity 

96 

823 

1793 

1946 

1891 

1562 

815 

June 

17 

Photosynthate 

4.12 

2.28 

2.80 

4.20 

4.96 

2.08 

0.18 



Light intensity 

431 

586 

796 

1025 

2124 

1515 

815 


Av. photosynthate 

1.35 

1.37 

1.28 

1.56 

1.91 

1.47 

0.29 


Light intensity 

321 

577 

830 

990 

1024 

679 

279 


It is shown by tables X, XI, and XII that with the unshaded plants a 
pfreater amount of light is necessary for each gram of photosynthate manu- 
factured. Furthermore, the amounts of plant food appear to increase until 
12-2 p.M. when the light intensity reaches its maximum and then decreases 
at a relatively similar rate with the light. Differing from this, the plants 
shaded show a slower increase in food manufacture relative to the light in- 
crease until the 2-4 p.m. period, when they reach the maximum, and then they 
decrease more rapidly in ratio with the light intensity. Greater reduction 
in light shows a more gradual increase in photosynthesis and there appears 
to be an accumulation of plant food over a longer period, or a lagging in 
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TABLE XII 

PHOTOBTNTHATE and light intensities PbR PLANTS SHADED WITH TWO LAYERS 

OF CHEESECLOTH 


Bate 

Variables 

Period of day 

4-8 

A.M. 

8-10 

A.M. 

10-12 

A.M. 

12-2 

P.M. 

2-4 

P.M. 

4-6 

P.M, 

6-8 

P.M. 

April 

7 

Photosynthate 

0.52 

0.44 

1.12 

.00 

2.08 

1.24 

0.32 



Light intensity 

87 

92 

104 

148 

96 

45 

16 

April 24 

Photosynthate 

0.20 

0.44 

0.72 

1.24 

2.60 

2.68 

0.40 



Light intensity 

92 

341 

354 

684 

578 

257 

26 

April 

29 

Photosynthate 

0.20 

1.32 

1.68 

1.32 

1.20 

1.68 

0.40 



Light intensity 

141 

371 

600 

661 

407 

303 

124 

May 

5 

Photosynthate 

0.16 

0.12 

0.60 

1.16 

1.24 

1.00 

0.32 



Light intensity 

109 

116 

101 

75 

72 

37 

24 

May 

13 

Photosynthate 

0.46 

0.32 

0.36 

0.76 

0.24 

0.24 

0.28 



Light intensity 

83 

123 

99 

384 

561 

647 

90 

May 

14 

Photosynthate 

0.36 

0.20 

0.64 

0.72 

0.44 

0.56 

0.26 



Light intensity 

361 

683 

630 

754 

456 

106 

24 

May 

23 

Photosynthate 

0.68 

1.56 

0.28 

1.08 

2.80 

1.44 

0.40 



Light intensity 

337 

491 

573 

602 

520 

297 

152 

May 

24 

Photosynthate 

1.12 

0.96 

1.28 

0.72 

2.76 

1.04 

0.32 



Light intensity 

113 

225 

552 

519 

(J35 

225 

147 

June 

9 

Photosynthate 

0.60 

0.06 

0.16 

0.84 

0.88 

1.48 

0.56 



Light intensity 

185 

386 

548 

760 

680 

230 

155 

June 

15 

Photosynthate 

0.20 

0.86 

0.40 

3.20 

1.40 

0.72 

0.28 



Light intensity 

40 

90 

91 

85 

238 

213 

107 

June 

16 

Photosynthate 

0.60 

0.37 

0.20 

3.24 

1.36 

1.36 

0.16 



Light intensity 

40 

490 

937 

951 

946 

744 

521 

June 

17 . 

Photosynthate 

4.20 

2.52 

1.04 

1.83 

4.04 

1.32 

0.10 



Light intensity 

.261 

276 

467 

524 

1080 

784 

521 


Av. photoayntliate 

0.77 

0.76 

0.70 

1.34 

1.75 


0.32 


Light intensity 

154 

307 

421 

512 

522 

324 

158 


photosynthate manufacture, when the light is decreased due to heavy shad- 
ing. This appears to result in the plants exposed only to light of low inten- 
sities having a much lower basal metabolism than no-shade plants. The 
simple coefiScients of correlation for photosynthate and light, r = 0.5454 ± 
0.0527, r = 0.3012 ± 0.0681, and r = 0.3034 dt 0.0679, demonstrate the impor- 
tance of the light to the plant food manufacture under the no-shade condi- 
tion as compared with shaded plants. 

While temperature and humidity are similar or relatively uniform for 
the three lots of plants, it varied the same for each, as the day advanced. 
Naturally, this would be expected to be true, owing to their relationship to 
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light intensity and its variation. Consequently, data on temperature and 
humidity were taken for each of the 2-hour periods. The simple coeffi- 
cients of correlation for photosynthate and temperature, r = 0.2968 ±: 0.0681, 
r = 0.1924 ±: 0.0725, and r = 0.1704 it 0.0727, signify that the temperature 
is in close relation with the light intensity and probably is intercorrelated 
with it. Their being lower than those for light demonstrates their slighter 
importance in photosynthetic activity. 

The simple correlation coefficients for photosynthate and humidity, 
r = -0.2099 ±: 0.0714, r = -0.4955 dz 0.0565, and r = -0.3377 ± 0.0663, ini- 
cate that humidity is possibly too high for proper plant food manufacture. 
Their negative character signifies that the high humidity may have a 
tendency to hinder photosynthesis and the higher the negative correlation 
the greater it is reduced. This appears to be one of the contributing causes 
of lower plant food manufacture when the plants are shaded. 

Correlation coefficients 

In order to measure the direct effect of light intensity on photosynthesis, 
it is necessary to know how much the other environmental factors affect 
photosynthesis, and the relation between all of these factors. It appears that 
the true value of this relationship cannot be obtained directly from the raw 
figures, but an analysis of the data must be completed in order to determine 
the numerical measurements. This analysis will show the relative impor- 
tance of the variation of each of these independent variables on the variation 
in the dependent variable and can best be demonstrated by the correlation 
coefficients given in table XIII. 

No-shade plants. — The zero order coefficients seem to show a much 
greater relationship between and than between Xj and X^ or X 4 
and X 4 . The relationships between X, and Xj, and X 4 and X^ are question- 
able because of the possibility of their being obscured by the relationships 
between the independent variables. Because of this we have separated 
the effects of the independent variable in order to get the first order coeffi- 
cients. This separation tends to confirm the tentative conclusion reached 
with the zero order coefficients (that the major relationship is that between 
Xj and X 2 ). The conclusions appear to be still slightly questionable because 
only two of the independent variables have been considered at a time. 
Because of this we shift to the second order coefficients. This demonstrates 
that when we consider the effect of variation in light intensity alone (both 
temperature and humidity being constant), we can explain 27.7 per cent, 
of the variation in photosynthate, while variation in temperature explains 
but 1 per cent, and variation in humidity explains but 4 per cent, of the 
photosynthate variation. The coefficient of multiple correlation shows that 
the three factors taken together explain 32.4 per cent, of the photosynthate 



TABLE XIII 

CORBBLATION COBmCIENTS FOB PHOTOSYNTHATE AND ENVIBONMBNT* 



^photoeynthate, light intensity, X, = temperature, Xi^ humidity. 
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variation. Light intensity alone, as we have seen, accounts for 27.7 per cent, 
showing that temperature and humidity are negligible factors in photo- 
synthesis except where they are correlated with light intensity. 

One-layer-of-cheesecloth plants. — ^It appears that the humidity is 
too high for proper use of light by the plant in photosynthesis. The humid- 
ity is consistently higher in this block of plants than in the other blocks 
(table IX). This may account for the reduction in photosynthate as com- 
pared with the no-shade block of plants. The correlation coefilcients demon- 
strate this fact in every case. 

Two-layers-of-cheesecloth plants. — The humidity is evidently too 
high for the plants to utilize light to the best advantage. It appears that 
light intensity is possibly too low, even at the best, for proper food manu- 
facture. The total effect of light, temperature, and humidity in this block 
of plants explained only 13.9 per cent, of the photosynthate variation which 
is about one-half that of the no-shade plants. This demonstrates that some 
other factors, that were not taken into consideration, probably have a defi- 
nite effect on the photosynthetic activity. 

Supplementary considerations 

Chlorophyll content. — The relation of radiation to pigmentation is of 
very great importance owing to the necessity of light for the formation of 
pigments, and to the fact that the pigments absorb radiant energy which is 
essential for the photosynthetic activity of the plants. The naturally occur- 
ring plant pigments, which are found in the cell structure of the plant 
foliage, are chlorophyll, carotene, and xanthophyll. These pigments per 
unit leaf area were determined for each group of plants, at several periods 
during the experiment. The modified Willstatter and Stoll method of 
extraction (22) was used, and the comparison against a standard made with 
the DuBoscq colorimeter. The data are given in table XIV. 

It appears from table XIV that light intensity is effectual for proper 
chromogenesis in the tomato foliage. According to expectations, the no- 
shade plants contained more chlorophyll per square centimeter of leaf area, 
and the shaded plants showed a variation according to the amount of light 
the plants received. The reduction in photosynthate manufacture due to 
shading was relatively proportional to the amount of chlorophyll per square 
centimeter of leaf area. Although this reduction did not affect the chloro- 
phyll efficiency, it did affect the total plant food manufacture. 

Leaf anatomy. — Histological sections were made, at several different 
times during the experimental period, of the leaves of the plants under test. 
Only leaves strictly comparable in position, degree of maturity, and so forth, 
were used. The result is given in figure 1, for the sections obtained on J une 
17. 
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TABLE XIV 
Fouaob figments 



j No SHADE 

1 LAYER CHEESE- 
CLOTH 

2 LAYERS CHEESE- 
CLOTH 


j Chlorophyll — Mg. per sq. 

cm. 

April 15 

0.0368 

0.0255 

0.0189 

April 15 

0.0379 

0.0257 

0.0189 

May 10 

0.0477 

0.0353 

0.0114 

May 10 

0.0468 

0.0377 

0.0125 

Juno 17 

0.0474 

0.0309 

0.0110 

June 17 

0.0487 

0.0392 

0.0177 

June 21 

0.0401 

0.0302 

0.0187 

June 21 

0.0391 

0.0300 

0.0186 

Total 

0.3455 

0.2545 

0.1277 • 

Average 

0.0432 

0.0318 

0.0159 


Xanthophyll — Mg. per sq. 

cm. 

April 15 

0.0024 



April 15 

0.0028 



May 10 

0.0020 

0.0015 

0.0008 

May 10 

0.0024 

0.0014 

0.0008 

June 17 




June 17 




Juno 21 

0.0028 

0.0017 

0.0010 

June 21 

0.0028 

0.0014 

0.0012 

Total 

0.0152 

0.0060 

0.0038 

Average 

0.0025 

0.0015 

0.0009 


Carotene — Mg. per sq. cm. 

April 15 

0.0014 

0.0014 

0.0010 

April 16 

0.0017 

0.0012 

0.0010 

May 10 

0.0014 

0.0011 

0.0006 

May 10 

0.0011 

0.0011 

0.0006 

June 17 




June 17 




June 21 

0.0013 

0.0011 

0.0006 

June 21 

0.0012 

0.0010 

0.0006 

Total 

0.0081 

0.0069 

0.0044 

Average 

0.0013 

0.0011 

0.0007 


In general, the cell development of the leaves under the no-shade condi- 
tion is normal, but when shaded the cells in the spongy parenchyma lack 
regularity in shape and are arranged loosely, so that a large part of their 
surface is exposed to the intercellular spaces. The greater the shade, the less 
the palisade parenchyma cells are developed. This demonstrates how the 
number of palisade layers and the density of the cell structure depends 
largely, either directly or indirectly, upon light intensity. 
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the no-shade condition the palisade cells are well-developed and their chloro- 
plasts seem to arrange themselves so as to decrease the surface and transpira- 
tion due to the light, but when shaded they are differently arranged and 
thereby increase the surface for receiving light. This latter arrangement ap- 
pears to increase the chloroplast’s efficiency, and the greater the light reduc- 
tion the more it is increased. It appears that the reduction in photosynthetic 
rate did not have an effect on the chloroplast efficiency. As previously 
stated, the light seems to have a regulatory effect on the chloroplast content 
and cell structure of the leaves, and this is one of the contributing causes for 
a decreased photosynthetic activity by the plants when shaded.® 

Discussion 

This study has dealt primarily with the influence of light intensity on 
photosynthetic activity of tomato plant leaves, as measured by amount <5f 
growth, fruit production, and increases in fresh and dry weights. The 
results show, as expected, that, on the whole, there is a close relationship 
between these several factors; viz., with decreased light intensity there is 
(a) greater vegetative growth, as measured by leaf area, and both fresh 
and dry weight of tops and roots, (b) decreased fruit production, and (c) 
a decrease in the total amount of photosynthate produced by the plants. 
However, the increase in vegetative growth and the decreases in fruit pro- 
duction and total photosynthate produced are not directly proportional to 
the decreases in light intensity. Thus, reducing light intensity by one-half 
resulted in only approximately a one-fourth increase in amount of vegeta- 
tive growth, a one-third decrease in fruit production, and a one-sixth 
decrease in total photosynthate production. Eeducing light intensity to 
one-fourth normal resulted in only a 40 per cent, increase in vegetative 
growth, a one-half decrease in fruit production and a one-third decrease 
in total photosynthate production (table XV). This is but another way of 
saying that the partially shaded leaves used their limited supply of light 
more efficiently than the unshaded leaves used their normal supply. That 
is, a given quantity of light affected a greater photosynthate production in 
the case of the shaded plants than was true in the case of those unshaded. 

Great, however, as were the differences between the growth rates, leaf 
areas, and fruit and photosynthate production of the several groups of 
plants exposed to the different light intensities, there were equally great 
differences between different plants within the same group, in their appar- 
ent ability to utilize their light supply for fruit and photosynthate produc- 
tion. Indeed, some of the individuals (no. 11) in the moderately shaded 

< The cells of the upper part of the thick leaf in the no-shade group removes enough 
red and violet light rays to reduce the efFectivenees on the lower leaf cells, but this blocking 
effect is not so a^gfarent in the thin-shaded leaves. 
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group produced nearly as much photosynthate per unit of leaf as some of 
those in the unshaded group and one of those in the heavily shaded group 
(no. 11) produced nearly as much photosynthate per unit of leaf area as 
the average of those in the moderately shaded group and within 30 per cent, 
as much as some of the least eflBcient in the unshaded group (table XV). 

This latter fact is of special significance for it suggests the possibility 
of developing a strain of plants that has a high degree of photosynthetie 
efficiency under conditions of low light intensity. Obviously, the producer of 
indoor-grown tomatoes has no control over light intensity — at least he has no 
practicable means of increasing it. However, if he can obtain a varietal selec- 
tion which is especially adapted to the low light intensities and short days of 
the northern winter season, a substantial contribution will have been made 
to the solution of the problem of profitably growing tomatoes in the green- 
house during the winter. Little or no effort has thus far been directed 
toward developing such a physiological strain of tomatoes, present stocks 
apparently being heterozygous in this respect. The studies here reported 
point clearly to some of the possibilities that lie in this direction. 

Summary 

The effect of light intensity on the photosynthetic efficiency of tomato 
plants was studied by growing Grand Rapids Forcing tomato plants under 
three different daily average light intensities, 1139.1), 583.1, and 261.0 foot- 
candles. The results were as follows : 

1. The responses in stem elongation and leaf-area expansion were both 
continuously and finally greater when the light intensity was reduced, 
showing a negative relationship. 

2. It was indicated that when the light intensity reached a definite 
average the fruit would set rather freely and develop. 

3. The percentages of dry matter, ash material, water, fresh weight, and 
elaborated food materials correlate rather closely with the light intensity 
received by the plants. Light intensity variation is the chief cause of differ- 
ences in plant efficiency. 

4. Basal plant metabolism and its contributing factors are regulated by 
the amount of light received by the plants. 

5. The increase in the multiple correlations (when the elaborated food 
materials are the dependent variable, and light intensity, humidity, and tem- 
perature are the independent variables) over the simple correlations under 
each degree of light intensity is evidence that there is interrelation between 
factors regulating the plant food manufacture. The coefficients of deter- 
mination demonstrate that light intensity alone accounts for 32.4 per cent, 
of the photosynthate va^riation and that temperature and humidity are 
negligible factors only when correlated with light intensity — ^humidity becom- 
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ing a critical factor in photosynthesis when the light intensity is reduced^ 

6. The light intensity appeared to have a regulatory eflPect on the aver- 
age amounts of chlorophyll per square meter of leaf area. The chloroplasts 
in the leaves arranged themselves so as to get the greatest amount of light 
when it was reduced. 

7. The leaf anatomy shows abnormal cell development when the plants 
are shaded. This abnormality consists of loosely arranged, irregular spongy 
parenchyma cells and a reduction in size, density, and number of palisade 
cells. 

8. It is evident that light intensity averaging 1139.9 foot-candles daily 
during the growth of the tomato plants had a greater eflPect in promoting 
chlorophyll formation, fruit production, and photosynthetic efficiency than 
light of a daily average of 583.1 foot-candles, and this, in turn, had a 
similar greater effect than that on the plants receiving a daily average light 
intensity of 261.0 foot-candles. 

The writer is grateful to Dr. J. W. Crist for guidance and aid in con- 
ducting this study and reviewing the manuscript, to Professor V. R. 
Gardner for suggestions in the preparation of the manuscript, to Professor 
F. C. Bradford for advice in reviewing the manuscript, to Professor Albert 
Waugh for advice on statistical interpretations, to Dr. William W. Smith 
for assistance in collecting data, and to Professor G. Safford Torrey and 
Dr. H. E. Hill for help with the photographic work. 
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East Lansing, Michigan 
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EFFECT OF CERTAIN NUTRIENT DEFICIENCIES 
ON STOMATAL BEHAVIOR 

Makhkr C. Desai 
(with ten FIGTTRES) 

Introduction 

Although a great deal of research has been done on stomata, nevertheless, 
the facts regarding these important plant structures are still fragmentary 
and there are differences of opinion as to their fundamental characteristics. 
In 1895 Blackman (3) demonstrated the importance of stomata in gaseous 
exchange, although the possible relations of stomata to transpiration had 
long been recognized. Regarding the regulatory role of stomata in respect 
to transpiration, differences of opinion exist. That the stomata open and 
close periodically during twenty-four hours has been established. Various 
theories have been advanced concerning the mechanism of opening and 
closure and the cellular changes associated with tliese. According to some, 
the changes of starch to .sugar and vice versa with consequent changes in 
osmotic relations are responsible for the opening and closure. Scabth (31), 
in recent years, has emphasized the importance of changes in the pH of the 
guard-cell vacuome due to changes in carbon dioxide content of the leaf, the 
opening and closure of the stomata being dependent directly or otherwise 
upon the effects of pH on starch-sugar changes or protein hydration, or both. 

Whatever eventually may be found to be the actual mechanism involved 
in the opening and closure of stomata, it is clear that the metabolism of the 
guard cells and the adjacent tissues must also be involved. While much 
attention has been given to the direct influence of light, of leaf water content, 
and of chemical reagents and reactions on stomatal behavior, no attention, 
except for the work of Pleasants (27), has been given to the part played by 
nutrients on stomatal behavior. There has been some work reported on the 
effect of nutrient deficiency on the rate of photosynthesis and respiration by 
Gbuzit and Hibbard (11), Briggs (4), Lyon (20, 21), Gregobt and Rich- 
ards (8), and others. 

Since stomatal behavior through its effects on the loss of water and 
gaseous exchange may markedly influence plant behavior, a fuller knowledge 
of the effect of various factors on stomatal behavior is desirable. Of the fac- 
tors that are of importance, theoretically and practically, that of mineral 
nutrient supply may be of considerable significance. 

2.53 
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Materials and-methods 

Material 

In order to find whether stomatal behavior is influenced by mineral nutri- 
tion, various types of plants were grown in culture media deficient in potas- 
sium, phosphorus, or nitrogen. Some of the plants included in the experi- 
ments were maize {Zea mays), Tradescantia sp., Canada field peas {Pisum 
sativum), red kidney beans (Phaseolus vulgaris), and tobacco {Nicotiana 
tahacum). 

These plants represent two distinct structural types of stomata found 
amme the angiosperms, (1) the grass type and (2) the ordinary type. The 
ordinary type can be subdivided, on the basis of arrangement, into two 
classes: (a) regular, and (b) scattered. 

The stomata of the regular type show a tendency towards formation 
of rows with the long axis of .each stoma practically parallel to the long 
axis of the leaf, while the accessory cells, which are often present, are like 
other epidermal cells, except that they are generally a little smaller. The 
scattered stomata have no tendency towards formation of rows and there 
is no plan in the orientation of their axes, which lie at any angle to the long 
axis of the leaf. Many have no definite accessory cells. Tradescantia, some 
of the orchids (Orchidaceae), and certain other plants have the regular type, 
while Pisum, Phaseolus, Nicotiana, and many other dicotyledonous plants 
have the scattered type. 

In all the experiments care has been taken to use functioning leaves. 
The first two leaves near the growing point are decidedly immature, while 
those near the basal end of the shoot are quite old, as shown by their yellow- 
ing and dying. In these cases, the stomatal behavior will not be normal. On 
the other hand, the third and fourth leaves have been found to be active and 
mature. The growth curve for the leaf tends to flatten when the leaf comes 
to be the third or fourth from the tip of the stem. Dr. Parris (oral com- 
munication) has found that at this stage the assimilation rate of Phaseolus 
reaches a maximum. These leaves, being neither too young nor too old, 
were used for the work reported here. 

With Phaseolus, two opposite leaflets of a compound leaf were used, while 
in Pisum the first pairs of leaflets, counting from the stipules, were used. At 
least two plants were taken fbt each observation. These were so placed that 
the third or fourth leaf of each plant had a uniform light exposure. 

At the time of observation, the readings were taken from near the tip 
of the leaf. In Zea, Tradescantia sp., and in most monocotyledonous plants, 
the first part of the leaf to emerge from the sheath is the tip, the base being 
the last. In these cases l^e use of the leaf tip prevents any accidental use of 
immature stomata. 
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With the dicotyledonous plants used, observations showed that the 
region of the tip generally stops growth first, the basal region continuing 
growth the longest. The work by Avery (2) and others on tobacco shows 
this to be true. 

Preliminary experiments with Pisum and other plants showed that the 
stomata from the tip region are much more sensitive to slight changes in light, 
leaf water content, and other environmental factors. This is especially true 
in plants with large leaves. 

Methods of stomatal study 

One method for the study of stomatal behavior is rarely suited to all 
plants. The several methods available may be grouped as (1) direct and 
(2) indirect. 

At the beginning of this work, it was decided to test all the available 
methods and to adopt the most suitable ones. Maximov (23) has discussed 
some of the features of these methods in detail, and his work should be con- 
sulted for some of the features omitted. 

Three indirect methods in general use for the study of stomatal behavior 
are (a) the Molisch injection method, (b) the porometer method, and (c) 
the hygrometric methods. By the Molisch method a qualitative reading can 
be obtained. The method, though quite useful and rapid under field condi- 
tions, could not be used to advantage in comparative studies where stomatal 
measurements differ often by not more than a micron or so. Various inves- 
tigators have tried to make it a quantitative method. My own attempts to 
do so have so far given no satisfactory results. 

The porometer method, although having certain disadvantages, has 
distinct advantages of its own when used with care and discretion. The 
important sources of error have been studied in detail by Knight (13) . This 
method has at least two disadvantages in a critical study. It measures resis- 
tance to a pressure flow, which is different from a resistance to diffusion, 
which is the normal method of gas movement. If what Ashby (1) found is 
true, it also shows a flow of 15 to 26 per cent, when the pores appear to be 
completely closed. Furthermore, Ashby's pressure flow measurements were 
subject to temperature changes, and he makes no attempt to correct for this 
when comparing with pore size. 

The most important use for this method is to get correlative data on four 
distinct plant processes every hour, or possibly oftener. These processes are 
stomatal behavior, transpiration, carbon dioxide assimilation, and respira- 
tion. No use of this method has been made for such purposes except by 
Maskell ( 22 ), who measured the carbon dioxide assimilation and stomatel 
opening at the same time. Nobody has used this method to get correlative 
data on all four of these processes. 
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Because of the lack of sensitiveness of this method, when the stomata are 
mostly closed, and also because the changes in the size of intercellular spaces 
offer varying resistances, this method was not suitable for the present work. 

The hygrometric methods got impetus from F. Darwin (c/., Maximovas 
monograph), who assumed that transpiration was proportional to the 
stomatal opening. When it was shown that such an assumption was not 
strictly true, the hygrometric methods came into general disuse except 
occasionally by some authors in measuring stomatal opening. 

The best hygrometric method is the cobalt chloride paper method. It 
has been used extensively in measurement of transpiration. Here the data 
for transpiration do not give absolute transpiration but transpiration under 
certain standard conditions. The application of cobalt chloride paper, as 
is done in the most improved form of this method, causes all the water 
vapor issuing from the leaf to be absorbed rather quickly. The result" is 
that the gradient of diffusion of water vapor becomes much steeper than 
it was before the application of the cobalt chloride paper. This diffusion 
gradient will remain approximately constant, except when the leaf is near 
wilting or just before the color change takes place. Here the rate of move- 
ment of water vapor will be conditioned only by the stomatal aperture if 
we assume that the humidity in the substomatal chambers remains constant 
and if the cuticular transpiration is not great. Then the speed of color 
change wiU denote roughly the ske of the stomatal aperture. 

This method and the porometer method have a certain resemblance, since 
each measures the movement of gas. The cobalt chloride method differs from 
the porometer method in that it measures the diffusion of water vapor under 
standard conditions instead of the flow of gases under diminished pressure. 
But the varying resistance offered by the intercellular spaces may play a role 
in limiting the usefulness of this as well as the porometer method. If the 
intercellular spaces at certain times offer greater resistance to diffusion of 
water vapor than does the stomatal aperture we may not measure the aperture 
at that particular time but the rate of diffusion conditioned by the inter- 
cellular spaces. How important a role the intercellular resistance plays in 
conditioning the diffusion of gases in and out of a leaf is not very well known 
and needs to be studied. 

In the cobalt chloride method there is an additional source of error. Dur- 
ing the time of observation carbon dioxide movement is hindered and the 
cobalt chloride paper prevents light from reaching the covered part of the 
leaf. M the time of such covering will vary greatly depending upon the rate 
of diffusion of water vapor from the leaf, another variable is introduced as a 
source of error. 

The cobalt chjoride method is probably the best among the indirect meth- 
ods and has the advantage of quickness and practicality in field work over 



DES^: NUTRIENT DEFICIENCIES AND STOMATAL BEHAVIOR 257 

any other method of stomatal study. It was not used in the present investi- 
gation, however, as the strip method, in many ways, seemed more reliable. 

The three direct methods for studying stomatal behavior are (a ) the Long 
and Clements' collodion method, (b) the direct visual method, and (c) 
Lloyd's strip method. 

In 1934, Long and Clements (17) published their paper on the collodion 
method, discussing the method in detail. Apparently, the advantage of this 
method was that the same leaf could be used over and over again. But it was 
noticed early in my own trials that the leaves of Tradescaniia often cooled 
more than 15° C., after the collodion was applied. It is doubtful whether 
this method does away with this disadvantage of Lloyd's strip method. 
AVhen an attempt was made to reduce this cooling effect by removing the 
strip earlier, there was great distortion in the direction of the pull. 

Upon exactly duplicating the technique of the above authors, it was 
found that the shrinkage caused by evaporation of the solvents was not 3 to 
4 per cent., as Long and Clements claim, but about 10 per cent. This 
error could be ascribed to the method of getting the shrinkage data. They 
coated an eyepiece micrometer with collodion. After the film was dry it 
was stripped off. The reading on the strip was compared to the actual read- 
ing on the micrometer. They found that the shrinkage was about 3 to 4 per 
cent., which was correct. The micrometer, however, is a stiff object as com- 
pared with the usual types of leaves. Moreover, the collodion adheres more 
firmly to dry glass than to a leaf. The leaves of Tradescaniia sp. are some- 
what fleshy, but not thick. When the collodion membrane on such a leaf 
dries, a marked tension develops, often causing the leaf to curl. Shrinkage 
obtained in strips of collodion taken from a leaf is not the same as that of 
collodion strips taken from a glass micrometer. 

The collodion method was not used because of these errors and because 
of the difficulty of getting exact measurements of the opening. It has almost 
no advantage over Lloyd's strip method except in cases where the latter 
could not be used, e,g,, where the material is comparatively stout, as in pods 
of Phaseohis, Unless a non-.shrinking, rapidly drying material is found to 
replace the ordinary collodion, this method must be relegated to a secondary 
place. ' 

Direct observation of stomata in situ under a microscope is considered by 
most workers to be the most reliable. This method can be used to advantage 
in plants wdth comparatively thin leaves and large stomata. Moreover, many 
of the plants, such as Tradescaniia sp*, are very difficult to strip when turgid. 
This plant, with its large stomata and small leaves, lends itself nicely to this 
method of stomatal investigation. 

Lloyd (16) used a microscope with a small flask containing water as a 
condenser and heat absorber. Loftpield (16) arranged a microscope stand 
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for direct observation but unfortunately neglected to describe his technique. 
Various individuals have described techniques for direct observation of 
stomata, but, as a whole, they are more suitable for counting the stomata per 
unit area of leaf than for measuring their aperture. 

For the present investigation an apparatus was set up to study the 
stomata in situ. The accompanying diagram (fig. 1) shows some of the 
features of the apparatus. There are two strong vertical rods (2) about 1.5 
inches diameter on which are fixed the horizontal rods (1 & 3) about 0.75 
inches in diameter. The horizontal rod (1) is so fixed that by loosening 
the screw (8) the microscope can be slid along the rod (1) and can be taken to 
other plants mounted in the same manner as the fiask (4) along the rod (3) . 
The glass-slide stage (6), with leaf in position (drawn diagrammatically), 
is shown in operating position on the microscope. In the right corner of the 
illustration the glass-slide stage is drawn showing details of construction, 
a representing material made of slightly stiff celluloid. The mirror (9) was 
swung out of position in the daytime while it was used to reflect light from 
a source not shown in the illustration. A small wooden piece (7) is tied to 
each of the vertical rods, only one of which is shown at (2). To these two 
wooden rods (7) was tied a soft string which supported the plants. At (5) 
is seen the old style microscope stand from which the base is removed. It is 
held in position by ordinary laboratory clamps. Objective lenses used were 
4-mm. and 8-mm. Zeiss achromatic objectives with a 15x ocular. The green 
color of the leaves served more or less as a color filter. 

The condenser was eliminated from the apparatus and natural light was 
used during the daylight hours. At night or on a dull day, light from a 
60-watt frosted Mazda electric lamp was reflected from the microscope mir- 
ror through the leaf to the microscope objective. It has been found that 
light from a 500-watt bulb with a bright reflector five feet from the leaf and 
an 8-inch electric fan four feet from the microscope caused a slight opening 
of the stomata in nine minutes, while easily visible opening took place in 
thirteen minutes. It was concluded from such experiments and others that 
the comparatively weak light from a 60 -watt lamp at a distance of 5 feet for 
a maximum period of two minutes did not change the aperture to a noticeable 
degree. 

Ordinary stages on microscopes are not only too large but they exclude 
light from the leaf during the period of observation. Moreover, with Trch 
descantia a slight carelessness in handling causes breaking at the growing 
point, making the fi|jwimen useless for further observation. For these 
reasons, the ordinary microscope stage was replaced by a glass slide. 

Loptpield put the leaf between a glass slide and a coverslip. This he 
clamped very lightly. This method not only causes slight pressure but par- 
tially prevents efficacious gas exchange. This was thought undesirable. 
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Fio. 1. Apparatus for direct usual obsenation of stou.ata in «<«• 

Two pieces of celluloid were mounted on a glass slide m such ® ^ “ 

i«f Ld s. lipM mt. i-a™ 

The iUustration, figure 1(6), clearly shows this method. This arrange 
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ment not only keeps the stomata from coming in contact with the glass slide 
(as this plant has no stomata on the upper side of its leaves), but also keeps 
the leaf flat so that all of the field is in focus. 

With this apparatus the microscope can be slid from plant to plant with- 
out any trouble and a leaf can be brought under the field of the microscope 
with the least possible disturbance and change in the position of the leaf. 
The leaves of the plants were always left in their natural position and the 
microscope tilted as needed to get the leaf on the slide. 

For observation with this method, two plants per treatment were selected 
and their leaves kept in as similar a position as possible with reference to 
light and convenience for microscopic observation. At the proper time the 
leaf was brought carefully into the field and 15 stomata rapidly measured. 

This method is excellent when working with only one treatment. But 
when a comparative study has to be made of four treatments, as was the 
case in the present investigation, the method is rather a tax on the worker. 
Loftfield did not measure more than ten stomata, but in the present work 
measuring 120 stomata per hour was very difficult. Because of this, no 
attempt was made to make very accurate measurements of stomatal aper- 
tures, as was done in the case of the strip method. The observations obtained 
by this method agreed essentially with those obtained by the strip method 
and hence the data reported are only for the strip method. 

In the present case, direct observation m situ was tried not only with 
transmitted light but also with reflected light. The apparatus used was 
Leitz Ultropak. This microscope, though suited for stomatal counts, has 
not proved satisfactory for measurement of stomatal apertures. One of 
the reasons is that there is a large refraction from different parts of the 
walls of the guard cells making up the stomatal aperture. The situation 
was but slightly improved by the use of color filters, and other devices. 
Even if this difficulty was overcome, the microscope became useless in bright 
daylight in the greenhouse. Use of hoods over the head of the observer and 
ocular helped a little but the whole outfit became unwieldy in the small space 
of a greenhouse. 

Lloyd (14) first reported on his strip method in 1908. It was put on a 
firmer basis by Loftfield (16). Since that time various individuals have 
utilized this method. The strip method has been found to be as exact as 
the direct visual method if the precautions mentioned by Loftfield are 
strictly adher©ft-»to and if observations are made on material mounted in 
absolute alcohol^pstead of the original mounting in balsam. But the instru- 
ments employed by Loftfield were too cumbersome to manipulate without 
much practice, tt has found that a sharp, pointed scalpel in conjunc- 
tion with the thumb of the right hand is all that is necessary for speedy 
stripping. Ebnkbt (5) has used a similar technique in her study of suction- 
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tension gradients. With this simplification it should not take more than 
one second to get a strip and plunge it into a vial of absolute alcohol. 

Many plants have leaves which cannot be stripped easily. Plants like 
Zea mays and Phaseolus do not yield good strips when deficient in phos- 
phorus or nitrogen. Here the veins are a little closer together, causing the 
strips to break easily. Some plants, like Pyrus mains and others, have 
leaves distinctly divided into small islets by the close, coarse venation. In 
this case the leaves are often quite brittle when folded between the fingers. 
Such leaves seldom give good strips, while plants with more pliable leaves 
very often can be stripped easily. 

Moreover, some leaves Pisum and Impatiens sp.) can be stripped 
much more easily when the strip is taken in a region where the distance 
between two major lateral veins is appreciable, and where minor anastomos- 
ing veins are not too prominent. In such a case, if the strip is begun nearer 
the midvein and carried out towards the margins, a long piece of epidermis 
can be obtained with ease. In the grasses and in all leaves with parallel 
venation, the strip could be profitably started between two large parallel 
veins and pulled out towards the tip. Prom Zea mays the writer has been 
able to obtain strips as long as 1 cm. and a little less than 5 mm. wide with 
a very small amount of tissue from the palisade region. A whole leaf of 
Pisum can be stripped in one piece with little difBculty. 

While investigating these methods, a simple test of so-called strip- 
ability’^ of leaves was accidentally hit upon. It was found that if a leaf 
from a plant gives an epidermal strip easily when peeled by means of the 
nails on the thumb and second finger, the plant may be taken as good ma- 
terial for stripping. This method should be tried when the leaves are turgid, 
since in many plants the leaves strip rather easily when slightly wilted but 
not when turgid (e,g,, Tradescantia sp.). 

A troublesome feature of the strip method is the large number of vials 
needed when stomatal behavior in variously treated plants is being studied. 
To eliminate this diflSculty, bags were made from ‘‘onion tissue paper.” 
LePage’s liquid glue was used because it is practically insoluble in absolute 
alcohol. Small paper bags^(6.5 x 3.5 cm.) were prepared and kept in abso- 
lute alcohol. After about twenty-four hours this alcohol was replaced with 
fresh alcohol. The strips were plunged into vials (about ^ full) containing 
absolute alcohol, left there for about fifteen minutes, and occasionally shaken 
to prevent dilution of alcohol around the strip. The shaking of vials is quite 
important as a small amount of leaf tissue often accompanies the strip. 
After this the strips were transferred to the bags and left there till needed. 
Generally the bags were marked in pencil with information about the strip 
before they were transferred. The paper bags were stored in well-stoppered 
wide-mouthed bottles containing absolute alcohol. 



262 


PLANT PHYSIOLOGY 


Whenever required for making the measurements, the strips were re- 
moved from the paper bags, trimmed, mounted on a clean, dry glass slide 
and covered with a no. 1 square coverslip. The mounting medium was also- 
lute alcohol. The coverslip was sealed to the glass slide by means of ordinary 
beeswax. In no stage of this processing were the strips allowed to become 
dry. 

Early in the work it was noted that mounting the strips in Canada balsam 
(with xylol as solvent) brought many post-mortem changes in the stomatal 
aperture. This -was noted very often in Zea mays. For this reason the 
usual technique was abandoned and the material was mounted in absolute 
alcohol. This not only does away with the most important defect of Lloyd’s 
strip method but also saves an enormous amount of time in the processing. 
Observations regarding the post-mortem changes in stomatal postures have 
been amply corroborated by the work of Nadel (26). The writer agrees" 
with Oppenheimer (26) in that much could be gained from the study of 
individual stomata, but he does not think that conclusions based on the 
study of a population of stomata are very far removed from those arrived 
at by the study of an individual stoma. The criticism of Oppenheimer (26) 
of the earlier work on stomata using the strip method is valid, but is not 
pertinent to the work reported here. 

In this work it was noted that staining is not necessary with the ordinary 
type of stomata, but it is with stomata of the grass type. In order to obtain 
uniform results with these, with a minimum expenditure of time, all the bags 
containing the strips were placed in the staining jar at the same time. After 
the right stage of staining was attained, the bags were cleared twice in 
absolute alcohol. The strips were then removed, trimmed, and mounted 
as usual. 

In the case of stomata of the ordinary type, at least thirty were measured 
under a 1.8-mm. oil immei^sion objective and a lOx Bausch and Lomb filar 
micrometer. These were taken from 2 or 3 strips obtained from at least two 
plants. This insures much more accurate measurements of stomatal aper- 
tures than could be obtained with ordinary ocular micrometers. In the case 
of the grass type, a measurement of about 60 to 100 stomata per treatment per 
reading was the rule. This largely eliminated the error of measuring a 
small number of stomata. Thus the objection raised against the strip method 
by Ashby (1) and others is not pertinent here. Even by measuring fewer 
stomata, Ashby has found that the stomatal curves, obtained by the strip 
method and the porometer method, run close together, except where the 
stomata are nearly closed. The error here probably lies with the porometer 
method. 

Knxoht (13) points out that the weakness of the strip method is the 
violent treatment accorded to the leaf. Some think that holding a leaf be- 
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tween two fingers momentarily (as is done while stripping) is a violent 
treatment, but the observations of Scarth, Whyte, and Brown (32) do not 
corroborate it. Scarth (31) observed that '' mechanical stimulation of the 
plant or leaves by shaking, rubbing, exposing to blasts of air, etc., which was 
found by Knight to induce partial and temporary closure in certain plants, 
seems to have no effect on Zebrina pendula or (so far as observed) on any 
species’’ with which he worked. My experience agrees essentially with that 
of Scarth. If cutting a leaf, as is done in stripping, is a violent treatment 
then this difficulty can be overcome by not using the same leaf twice. This 
was the practice in the present investigation, although the observations of 
Scarth et al, (32) indicate that the injurious effect does not extend beyond 
a millimeter or so from the actual wound. When he allowed the ‘‘shaved 
off” epidermis to be immersed in water, visible closure began within a few 
minutes and became practically complete in about fifteen minutes. The 
stripping in the present method is so rapid (not taking more than a second or 
so) that there is very little chance for the stoma tal aperture to change enough 
to be measured by a Filar micrometer. “Stripping” of the epidermis, as is 
done in the present work, has been found to be better and speedier than the 
‘ ‘ shaving ” or the “ slicing ’ ’ technique of various workers. This is especially 
true when stomatal apertures are studied in fixed preparations. 

As a quantitative method, the strip method, if carefully used (with the 
modifications reported here), seems to be the best for the study of stomatal 
behavior. It is superior to the direct visual method in that there is less strain 
on the worker’s eyes. It gives as accurate data as the direct visual method 
and, for a longer period of observation, it is probably even more accurate 
because there is no fatigue. It allows rechecking of observations. Another 
important advantage of the strip method is that stomatal behavior observed 
during a period of 12 or 24 hours is not that of one or two plants only but 
of a population of plants; hence it reveals more accurately the probable 
behavior in plants than the porometer or the direct visual methods. But the 
advantage of the porometer method is evident when the gaseous exchange 
through one particular set of stomata is to be measured. All the methods 
except the porometer and the direct visual method entail the growing of a 
large number of plants. 


Cultural methods 

The cultural methods used during the course of the present investigation 
were water, sand, and soil cultures. The minimum number of replications 
per treatment was 20, the maximum, 50. In water and sand cultures a 1 to 
10 dilution of modified Knop’s solution was used, while in soil cultures the 
following solution was applied to each pot containing an average of 900 gm. 
of sandy loam soil : 
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1 gm KH3PO* 

1 NH.NOg 

20 pag ferric tartrate 

1 liter distilled water 


This was applied in small amounts at intervals during the entire growing 
season of a series. Whenever a certain nutrient element was omitted from 
the standard culture solution it was replaced by equivalent amounts of some 
other commonly used element, such as sodium for potassium. 

The present investigation was carried out during 1933, 1934, and part of 
1935. Most of the experiments were carried out in the greenhouses at Cor- 
nell University. In each series the data were collected under a standard 
condition of air movement, i.e., three 8-inch fans were kept continuously 
running under the greenhouse bench on the days when the data were^ 
obtained. 

The purpose of the present work was to study the effect of deficiency 
and not the effect of total lack of these nutrients. No attempt was made to 
use refined cultural methods such as purifying the salts, etc. It was most 
important to have the plant make fair growth in spite of the deficiency. For 
this reason soil seemed the best medium in w’hich to grow the plants. Here 
the plants generally showed clear-cut deficiency symptoms which could be 
checked by the recovery that took place w’hen the deficient nutrient was « 
added. In obtaining each series of data it w^as customary to see whether the 
symptoms noted at the time of taking the readings were due to deficiency of 
the nutrient not provided, or to deficiency of another nutrient. Some of 
the data where such complications prevailed were discarded. 

Experimental results 

A. Deficiency symptoms 

According to the experience of McMurtrey (24), Karraker and Bort- 
NER (12), Eeep and Haas (29), Jacob (11), and others, different nutrient 
deficiences cause definite symptoms. These could be used more conveniently 
as criteria for nutrient deficiencies than cumbersome and uncertain analyses 
especially in controlled experiments. The deficiency symptoms observed 
here are, in the main, similar to those noted by other investigators. 

In the full-nutrient cultures the plants were healthy, having a uniform 
green color in all (jf the leaves (figs. 2, 3). Here the older leaves continued to 
remain green for a longer period of time than in any deficient cultures. The 
dry weights were also generally higher, with the top-root ratio rather large. 
The roots were not longer than in the deficient cultures but were abundantly 
branched. 

The plants grown' in culture media deficient in potassium wei*e generally 
smaller in size (fig. 10) than those grown in full nutrient cultures. The 
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Fig. 2. Symptoms of nutrient deficiency in leaves of Nicotiana (series T02). 
Leaves were obtained from the basal refi^ion of plants shown in figure 10. 

1. Supplied with fuU-nuitrient solution 

2. Deficient in potassium 

3. Deficient in phosphorus 

4. Deficient in nitrogen 

margins and tips of the older leaves at first turned yellow and then showed 
brownish necrotic areas in the mesophyll tissue between the veins, but that 
close to the veins, as a rule, remained dark green (figs. 2, 3). Finally, the 
older leaves dried up, beginning with the tip and margins, and often re- 
mained hanging on the stem in a shriveled condition. As compared with the 
older leaves, the younger ones remained dark green with a bluish cast. The 
younger leaves did not show yellowing nor necrotic areas. 

In contradiction to Jacob ( 11 ), no “falling over due to withering of the 
stem at the base^’ was noted in plants deficient in potassium. Also no ac- 
cumulation of purplish or reddish pigment in veins was observed, although 
such pigmentation was noted on the margins and midrib in Zea, Baphanus, 
and other plants when deficient in nitrogen. 

Pistim did not show’ any definite symptoms of potassium deficiency, except 
that they were slightly smaller and their older leaves dried earlier. Symp- 
toms of potassium deficiency of the ordinary type have been noted in sweet 
peas {Lathyrus odorafa). The top-root ratio in plants suffering from potas- 
sium deficiency was not as large as in those grown in full nutrient cultures 
(table III). 

When not supplied with phosphorus, the leaves of the plants developed 
a dark green color with a dusky or brownish tinge. The leaf size was 
greatly reduced (fig. 2). Nicotiana, plants have been observed to show de- 
velopment of ochre brown spots (fig. 3), especially in the older leaves. This 
condition has appeared consistently in all of the experiments with Nicotians 
and does not seem to be due to chance. A similar type of spotting was noted 
by Karraker and Bortner (12 ) , and McMubtrey ( 24 ) , but the latter author 
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Pig. 3. Symptoms of nutrient deficiency in l€a\es of P/ia9eo?M« (series Bl) Leaves 
i^^re obtained from the basal region of the plants, -where deficiency sjmptoms are markedly 
shown. Stomatal behavior in this senes is shown in figure 6. 

1. Supplied -with full nuitneut solution 

2. Deficient in potassium 

3. Deficient m phosphorus 

4. Deficient in nitrogen 

is not siire that this spotting was due to phosphorus deficiency. In the pres- 
ent work on Nwottana, the severity of this spotting decreased when the 
plants were supplied with phosphorus No spotting of this type has been 
observed in Phaseolxis or other plants used. This contradicts the observation 
of Jacob (11), who noted spotting in Phaseolus deficient in phosphorus 
However, this may be a matter of relative deficiency 

In the ease of Trsdescantia, the leaves became mostly small, with the 
similar brownish deep green color and a deep purplish tinge over the lower 
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side. The lesves became fleshy and very brittle when folded, which is in 
agreement with the observation of PniDnAM (28). In all cases, the phos- 
phorus deficiency caused rapid drying of the lower leaves. The dried leaves 
generally showed a dark brown color. Pisutn again showed no definite symp- 
toms, corroborating Jacob (11). The internodes were longer in Tradescan- 
ti<i, Phaseolus, and Zea, and the plants were spindling. In practically all 
cases recovery took place when the plants were supplied with phosphorus in 
the form of phosphate. 

In the plants deficient in nitrogen, there was a definite restriction of new 
growth, as in the phosphorus-deficient plants. The internodes, on the con- 
trary, were short, giving the plants a rosette-like appearance. The leaves 
were smaller, thicker, and more brittle in Tradescantia, and showed purplish 
margins. A slight pink coloration was also noted on the lower side of the 
leaves of this species. 

The top-root ratio was rather small in plants deficient in nitrogen, which 
is in agreement with the findings of various workers. In this regard it could 
be stated that the top-root ratio can be changed more or less markedly de- 
pending upon the severity of the deficiency. In one case with Zea, the plants 
deficient in nitrogen had a higher top-root ratio than those deficient in phos- 
phorus (table III), while in another case the reverse was true. In these 
cases the stomata were more responsive in the plants with a larger top-root 
ratio. 

In the cultures deficient in nitrogen or phosphorus, the veins are closer 
than in plants grown in full nutrient solution or one lacking in potassium. 
This results in considerable difficulty in obtaining large strips from plants 
deficient in nitrogen or phosphorus. 

The deficiency symptoms are clear-cut in all of the plants used except in 
Pisum. Most plante show the effects of deficiency very markedly, and it is 
easy to pick out a plant lacking a certain nutrient. In general, recovery 
takes place when the deficient element is added, except in the older leaves or 
where the deficiency is very severe and far advanced. 

B. Stomatal behavior 

In the preliminary experiments, the soil was not mixed with river sand (to 
make it a poor sandy loam soil), and, as a result, no definite deficiency symp- 
toms were observed. Here the plants were of a healthy green color in all 
the treatments, but those with full nutrient and those deficient in potassium 
were often slightly taller. The stomatal behavior in these plants did not 
show any definite differences. The differences obtained were so small as to 
be within the range of experimental error. Figure 4 shows the result of one 
of the experiments of this class with Zea mays. 
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The conclusion that stomatal behavior is not markedly affected by 
nutrient deficiency unless the plants show some definite signs of deficiency is 
essentially correct, as shown by an experiment with Pmim (fig. 5). In this 
experiment, the roots grew out of the flower pots and obtained nutrients from 
the cinders with which the greenhouse bench was covered at that time. The 
cinders had enough potassium for normal growth. The stomatal behavior 
was practically normal in this case. 

The cultures with no nitrogen added (fig. 5), even though weU sterilized 
at the start, became infected by legume bacteria so that abundant root nodules 
were formed. (The infection, as shown by the size and number of nodules, 
was greater in plant;s not supplied with nitrogen as nutrient than in the plants 
supplied with nitrogen.) The growth in the plants supplied with nitrogen 
by bacteria only was more like that of normal plants than is the case with 
plants really deficient in nitrogen. In this case, the stomatal behavior showed 
a trend toward that of the healthy plants. Although the nitrogen was sup- 
plied to these cultures through the nodule organism, it was not enough to 
make the plants grow as vigorously as when the full-nutrient solution was 
applied. The stomatal responses were not so quick as in the plants with the 
full nutrient or those deficient in potassium. This was especially true in 
the early daylight hours. 
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The cinders were not rich in available phospliorus and the stomatal re- 
sponses were sluggish, especially in light, in plants where this element was 
not supplied. In this case, even though the plants showed no specific 
deficiency symptoms, they were decidedly affected in their growth. 

In other sets of experiments no cinders were left on the bench, and most 
of the series, except Pisunif sho^ved clear-cut deficiency symptoms. Whenever 
these symptoms W'ere obtained, stomata were found to be decidedly subnormal 
in their responses to the environmental conditions, especially to light. The 
data of this type, from two of the experiments with PMscolvs, are given m 

figures 6 and 7. i. j i 

In the first experiment (fig. 6), when all the nutrients were supplied, the 

stomata showed quick respoiu^e to changes in light in the morning. Rapid 
closure of stomata took place with the first signs of wilting (about noon). 
As the plants recovered from wilting, opening took place. The plants de- 
ficient in potassium showed the same general behavior but it was less marked 
than in the case of the full-nutrient cultures. The leaves of plants with no 
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phosphorus or nitrogen were flaccid to the touch at about noon but sliowed 
no visible signs of wilting. Here the stomatal responses were slight com- 
pared to the other two. In the case of these two cultures, there seems to be 
no relation between light and stomatal behavior. Some other factor seems 
to be controlling the stomatal responses. 

In the second experiment (fig. 7), the plants were not watered at the 
beginning as in the previous one. In the plants with full-nutrient supply 
stomata responded quickly to the changing light conditions. With the onset 
of wilting, the stomata closed rapidly. At this time (8 a.m.), all the plants 
were watered, hence they recovered from wilting and the stomata opened. 

The plants deficient in potassium showed the same general stomatal be- 
havior but the variations were less marked. The plants deficient in phos- 
phorus or nitrogen showed narrower opening, as usual, though the trend 
in general response was similar to other cultures. 
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About 11 A.M. (fig. 7), the sky became cloudy. All cultures showed 
similar stomatal responses. The light was bright again at 12 m. and all cul- 
tures except those deficient in nitrogen showed stomatal opening. In this last 
case the opening response was quite sluggish. At 1 p.m., the plants in full 
nutrient cultures showed signs of wilting while those deficient in potassium 
or phosphorus appeared flaccid to the touch but did not show visible signs of 
wilting. The stomatal activities were what would be expected from previous 
experience. 
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The data from these two experimented with Phaseolus represent typical 
data obtained in other experiments with Tradescaniia and Pisum in water 
cultures, as well as in experiments in soil cultures with NicotianOf Zea, and 
several other plants. 


C. Night opening op stomata 

Throughout the course of the present work (figs. 5 and 7), night opening 
of the stomata has been noted consistently in many plants, notably in 
Phaseolus and Piswm. The writer has been unable to find night opening in 
Zea, which agrees with the results of Loftpield (16). This phenomenon is 
not due to any experimental error as some claim, but is real, because the 
writer has not only seen night opening of stomata that were removed by 
the strip method but also of stomata observed by the direct visual method. 
ScARTH et ah (32) have confirmed the truth of this statement. 

The Pisum plants deficient in potassium have often shown a larger per- 
centage of stomata wdth wider apertures at night than those plants grown in 
other cultures (fig. 5). If the CO 2 content of the guard cell vacuome affects 
the stomatal behavior, then the explanation of Gregory and Richards ( 8 ) 
may be true in this case, for they found a higher respiratory rate in plants 
wuth deficient potassium. Unfortunately, the technique of these investiga- 
tors is not above reproach, so nothing definite can be said. 


D. Effect of excess potassium on stomatal behavior 

111 one of the experiments wuth Nicotiana (fig. 8), the pots w’ere half 
buried in cinders at the beginning. As the pots were a little larger (6-inch) 
than the standard 4-inch pots, the nutrient supply w^as doubled. The plants 
not supplied with potassium obtained an adequate amount of it from the 
cinders and made the best growth, while the plants supplied with all of the 
nutrients showed a mottling of their lower leaves, which was followed a lit- 
tle later by shriveling and drying. Hill, Davis and Johnson (10) have 
noted in chrysanthemums a similar injury due to excess of potassium. Ap- 
parently, then, excessive and defiei^t amounts of potassium produce some- 
what similar symptoms. ^ 

In this case, the total stomatal opening was practically the same in cul- 
tures not supplied with potassium as in those cultures receiving the full 
nutrient supply, but the stomata were more responsive in the former. This 
may explain the findings of Gassner and Goeze (7) who, when they used 
three different amounts of potassium iUpply, found that the highest carbon 
dioxide assimilation occurred with one-twentieth of the normal supply. 
With increasing concentration, they obtained a decrease in assimilation. 
They also found a decrease in assimilation with a deficiency of potassium. 
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Fig. 8. Stomata! behavior in leaves of Nicotiana. 

In this series, cultures deficient in phosphorus or nitrogen showed less 
wide stomatal opening than was found in the cultures discussed above. The 
total opening was low in cultures deficient in phosphorus as compared with 
those deficient in nitrogen. This again showed a correlation between the 
size of the plants and their stomatal behavior. 

E. Effect of nutrient deficiency on stomatal size 

Casual observations showed no appreciable differences in the sizes of 
stomata from variously treated plants. In one of the experiments with 
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Nicotiam, very careful measurements were made. In this case not only the 
size of the stomata was noted but also the width of the aperture. The results 
were surprisingly different from what one would expect. The stomata were 
slightly larger in the plants supplied with deficient nutrient solutions than 
in the normal ones (tables I, II). 

TABLE I 

Size of stomata in Nicotian a (series T02) 


Treatment 

Size op 

APERTURE* 

No. OF 
STOMATA 
MEASURED t 

Size* of stomata 
in microns 

Av. WIDTH 

Av. LENGTH 


\»> 


lA 

lA . 

Full nutrient 

0-0.2 

4 

30.0 

30.5 

Potassium-deficient 

u 

12 

34.3 

31.7 

Phosphorus-deficient ... 

u 

29 

35.7 

32.0 

Nitrogen-deficient 

« 

1 

34.0 

26.0 

Full nutrient ! 

1-1.2 

4 ^ 

34.1 

31.7 

Potassium-deficient 

u 

4 

31.7 

34.8 

Phosphorus-deficient ... 

<< 

26 

37.3 

33.5 

Nitrogen-deficient 

it 

10 

38.6 

35.0 

Full nutrient 

2-2.2 

53 

34.8 

33.2 

Potassium-deficient 

ti 

41 

34.6 

34.2 

Phosphorus-deficient ... 

u 

44 

37.5 j 

34.2 

Nitrogen-deficient 

ti 

50 

36.4 1 

35.9 

Full nutrient 

3-3.2 

21 

35.5 

33.9 

Potassium-deficient 

« 

23 

35.4 

34.8 

Phosphorus-deficient ... 

it 

9 

38.4 

35.3 

Nitrogen-deficient 

it 

14 

37.1 

35.7 

Pull nutrient 

4-4.2 

42 

36.0 1 

34.8 

Potassium-deficient .. . 

it 

38 

36.1 ! 

35.2 

Phosphorus-deficient ... 

ti 

25 

37.4 

35.7 

Nitrogen-deficient 

it 

25 

37.8 

36.6 


* Measurements of stoinatal aperture and etomatal size in tables I and II were ob- 
tained with a filar micrometer (Bausch and Lomb lOx ocular) and a 1.8-mm. oil immer- 
sion objective. 

t These data were obtained from strips obtained in series T02 during a period of 13 
hours (7 ; 00 a.m. to 7; 00 p.m. inclusive). 


These data aiq)areiitly contradict the findings of Ltjtman (19), who ob- 
served that with nutrient deficiency the stomatal size decreased in many cases. 
It seems that the technique used in obtaining the data may contribute to 
this contradiction. It has been emphasized before that, although the plants 
showed deficiency symptoms, they did not die but often flowered (fig. 10), 
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TABLE II 

Average stomatal size* in N woti ina (series T02) 


Treatment 

No. OP stomata 

Size op stomata 


MEASU REil 

Av. length 

Av. width 

Full nutrient 

124 

34.1 

32.8 

Potassium-deficient 

118 

35.6 

34.1 

Phosphorus-deficient 

133 

37.3 

34.2 

Nitrogen-deficient 

100 

40.8 

33.8 


* Sitomatal measurements for each treatment in table I were averaged without regard 
to the size of the stomatal aperture and are reported in this table (II). 


and fruited to a certain extent, e.g., in Pimm and Phaseolus (table VI). 
Also, the stomatal measurements were obtained from the third or fourth leaf 
from the tip of the stem. Lutman^s data were obtained from comparatively 
immature plants so that his choice of leaves was limited, with the result that 
he could not use a definite leaf or portion of a leaf, as was done in the writer ^s 
experiments. Owin^? to this and other reasons, the data are not comparable 
and the whole problem remains unsettled.^ 

F. Effect of nutrient deficiency on stomatal distribution 

It has been the experience of the writer that the plants treated with all of 
the nutrients showed a much more uniform distribution of their stomata than 
the deficient plants. This wa^ especially true of the plants deficient in nitro- 
gen, in which the stomata showed a tendency towards arrangement in groups 
instead of lieing evenly distributed. In other deficient cultures this was true, 
but to a lesser degree. 

In figure 9 are given data on the distribution of stomata in one of the 
interesting cases discussed in section D. Here the full nutrient plants had 
an excess of potassium, while the plants supposedly deficient in this element 
got enough of it from the cinders. Stomatal behavior showed the effect of 
excess potassium (fig. 8). It will be seen that the plants receiving adequate 
potassium show uniform distribution of their stomata, while the plants with 
excess potassium do not show as uniform stomatal distribution. But the cul- 
tures deficient in phosphorus or nitrogen show a very uneven distribution 
of stomata as compared with the first two. 

In these experiments it has been found that the average number of stomata 
per unit area of the leaf is not very much affected. The variations are not 
1 The problem of size of stomata and other cells, in these variously treated plants, is 
being studied by Dr. Ernst Abbe and hence the writer has not developed the subject 
further. 
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large and show no definite tendency towards decrease or increase with a 
deficiency of nutrients. The observations of Pleasants (27) are verified in 
this regard. The data presented in table III are from the experiment dis- 
cussed in the above paragraph. 


TABLE III 

Number of stomata in N wot i aka (series TOl) 


Treatment 


Av. NO. or STOMATA PER MM.2 
OF leaf area 


Full nutrient (actually had excess of potassium) ' 130.5 

Potassium-deficient (obtained potassium from cinders)... ' 121.0 

Phbsphorus-deficient ; 114.8 

Nitrogen-deficient i 149.0 


G. Correlation between stomatal behavior and other performances 

OP THE plant 

In the plants studied it was noted repeatedly that there was a definite 
relationship between the size of the plant, the yield of the fruit, the water 
requirement, and the stomatal behavior (tables IV, Y, VI, and fig. 10), The 
plants grown with ail of the nutrients were generally larger, had heavier 
yields (table VI), and a loyeer water requirement (table IV). The stomata 
also showed active responses to . changes in environmental conditions (figs. 
6,7). 
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Fig. 10. Size and appearance of Nicotiana plants (series T02) A\lien grown in cul- 
ture media lacking various nutrients. 

1. Plants suiiplied witih full-nutrient .solution 

2. Plants deficient in potassium 

3. Plants deficient in phosphorus 

4. Plants deficient in nitrogen 



When the plants are a little smaller, as in the cultures deficient in potas- 
sium, the yield is less, and there is an increase in water requirement. The 
stomatal response is not so great as in plants supplied with all of the nutrients 

(table V). ^ ^ 

With plants deficient in phosphorus or nitrogen, the order of stomatal 
aperture and response, water requirement, and yield varies, depending upon 
the size of the plants. If the plants deficient in phosphorus are smaller, then 
their water requirement is larger, their yield is less, and t eir s oma 
response is sluggish. If they are larger than the plants deficient in nitrogen, 

these data are reversed. 
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TABLE y 

Average stomatal opening in PuASBotvs (series B1) 


Treatment 

Average stomatal opening per hour 

IN MICRONS* 


\k/hr. 

Pull nutrient 

1.08 

Potaasium-deficieiit 

0.99 

Phospbonis-defieient 

0.86 

Nitrogen-deficient 

0.82 


* Measurements were made with a filar micrometer ; observations were from 5 a.m. 
to 8 P.M. inclusive. * 


TABLE VI 

Yield in Thaseolvs (series B3) 


Treatment 

Total yield 

No. OF PLANTS 
USED 

AV. YIELD PER 
PLANT 


gm. 


gm. 

Full nutrient 

584.1 

24 

24.337 

Potassium-deficient 

489.6 

25 

19.584 

Phosphorus-deficient 

123.3 

25 

4.932 

Nitrogen-deficient 

110.0 

25 

4.400 


It seems, then, that there is a clear relationship between stomatal behavior 
and the general metabolism of the plant. The stomatal behavior is condi- 
tioned l)y the vigor of the entire plant, and is not independent of it. The 
same conclusion is arrived at when one considers the effect of water relations 
of a plant on its stomatal behavior. 

Discussion 

Prom the data obtained during the course of the present investigation, 
it seems fairly clear that whenever the plants are affected by nutrient de- 
ficiency so that definite deficiency symptoms appear the stomatal behavior is 
changed. This change, in general, tends towards a less active response by the 
stomata to light, water, and other environmental factors. This low response 
is produced not only by a deficiency of these nutrients but also by an excess 
of potassium. This is especially true when this excess supply of nutrient 
causes injury of some sort. Such low response appears to be connected with 
the general metabolism of the whole plant. (It is reasonable to conclude 
from this that any factor that may affect the general metabolism of a plant 
may affect the stomatal behavior.) 

Prom the work of ScarTh (31) and others it is fairly apparent that the 
pH of the guard-Qell vacuome in some way conditions stomatal behavior. 




DESAl: NUTRIENT DEFICIENCIES AND STOMATAU BEHAVIOR 279 

ExplRnations for the possible effect of nutrient dcficieucy on stomatal 
behavior will revolve around this fact. 

At first glance, it seems as if nutrient deficiency may change stomatal 
mechanism itself, le., change the kind and amount of proteins in the guard 
cells. This would be true in, the case of plants grown in culture media in 
which the plant growth is almost completely restricted, as in the experiments 
of Lutman (19). But such a viewpoint does not seem probable for the 
experiments reported here, as the stomata of plants from all the cultures 
have a capacity to show active response, as seen from the wide opening when 
placed in dilute ammonium hydroxide solution. Moreover, the stomata are 
sometimes a little larger in these deficient plants (e/. section E). Further- 
more, the responses do not seem to be related very closely to any visible 
changes in amount of carbohydrates or of protoplasm. 

Another explanation suggested by Pleasants (27) and supported by 
the work of Scartii (31) and his collaborators (32) is interesting and more 
probable. This explanation is based chiefly on the fact that there exists a 
correlation between stomatal responses and fluctuations in the pH of the 
guard-cell vacuome. If the photosynthesis is higher in full-nutrient plants, 
the shifts in pll should be greater and, as a result, stomatal responses should 
be more pronounced. If the nutrient deficiency in some way reduced this 
photosynthetic activity, the shifts in pH should be small, giving lethargic 
responses by the stomata. 

Unfortunately, studies of the effect of nutrient deficiency on plant 
processes like photosynthesis and respirrition show no general agreement. To 
Lundeoardh (18) this difference in results seems to be due to the use of dif- 
ferent plants and of leaves of different ages. The writer own experience 
has shown that use of leaves of different location and different age can partly 
account for these coutradi(*tions. Yet, the effect of nitrogen deficiency on 
photosynthesis seems to be proved to a reasonable degree. It has been 
shown that nitrogen deficiency decreases the amount of chlorophyll. Ac- 
cording to Fleischer (6), there is a decrease in the rate of photosynthesis 
with the decrease in chlorophyll content in the alga Chlorella. 

The lower water requirement of the plants grown in well-fertilized soils 
is due to the fact that during the period when water loss is rapid, photosyn- 
thesis is very high. A slight decrease in the water content of the leaf most 
probably will not hinder greatly the normal rate of photosynthesis. This 
has been shown to be true in the case of Pyrus fnolus by Childers (unpub- 
lished data). The water loss from stomata becomes less due to a reduced 
diffusion gradient. When wilting takes place, stomata close rapidly and 
thereby almost completely stop stomatal transpiration. But the trans- 
location of the accumulated photosynthate will continue. The leaf is then 
ready to start photosynthesis at a very high rate when the leaf recovers from 
wilting and the stomata open. 
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In the case of cultures deficient in nutrients, on the other hand, there are 
smaller leaf surfaces, fewer leaves per plant, and a relatively larger root 
system as compared to the amount of top growth. Here the diffusion 
gradient remains steep during the course of the day resulting in excessive 
water loss. The amount of photosynthate manufactured during this time 
will be comparatively less for the amount of water transpired, i.e., the amount 
of water transpired per unit of dry weight produced (or the so-called water 
requirement) will be large. 


Summary 

1. In the present investigation the possible effects of nutrient deficiency 
on stomatal behavior were studied in Zea, Phum, Phaseolua, Nkotiana, 
Tradescantia, and other plants. The nutrients studied were potassium, phos- 
phorus, and nitrogen. 

2. Stomata observed were those in the distal third of the lower surface of 
the third or fourth leaf from the growing stem apex. 

3. All the methods available for the study of stomata were carefully 
tested. The direct visual method and Lloyd strip method were found to 
be the best. Of these two, the strip method has manj^ advantages over the 
direct visual method. Certain sources of error in Lloyd^s original strip 
method have been done away wdth and other improvements in this method 
are suggested. 

4. On the whole, the general deficiency symptoms are similar to those 
described by other workers. 

5. Whenever the plants showed striking deficiency symptoms, stomatal 
behavior was decidedly subnormal. In the full-nutrient cultures, the plants 
showed their stomata to be more responsive to changing environmental 
conditions than when deficient in either potassium, phosphorus, or nitrogen. 

6. Night opening of stomata has been observed in practically all the 
plants used except Zea. 

7. With excess potassium, the plants were slightly smaller, their lower 
leaves mottled, and their stomata showed slight lethargic movement. 

8. The number of stomata per unit area does not vary greatly, but their 
distribution is much more irregular in deficient plants. In one case, a 
tendency towards increased stomatal size in deficient cultures was noted, 
but in other cases there was no noticeable variation in size. 

9. It seems that stomatal behavior reflects the general metabolic condi- 
tion of the plant. The subnormal stomatal behavior is accompanied by 
increased water requirement, decreased yield, and decrease in the size of the 
plants. The average stomatal aperture is proportional to the size of the 
plant as determined by nutrition, i,e,, the widest opening occurs in the 
largest plant. 
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10. The viewpoint that leaf activities, i.e., photosynthesis, respiration, 
and transpiration, control the stomatal behavior appears to be correct. 
That the condition of stomatal mechanism itself does not change in deficient 
cultures is indicated by the fact that when placed in ammonium hydroxide 
solution the stomata in all cultures respond similarly. 

The writer wishes to thank Dr. 0. F. Curtis, for suggesting the problem 
and for advice and direction of the work. Thanks are also due to Dr. Lewis 
Knudson, and Dr. L. W. Sharp for their assistance and criticism of the 
manuscript. 

Cornell University 
Ithaca, New York 
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THE CONTINUOUS MEASUREMENT OF PHOTOSYNTHESIS, 
RESPIRATION, AND TRANSPIRATION OP ALFALFA AND 
WHEAT GROWING UNDER FIELD CONDITIONS^ 

Moybe D. Thomas and Geo. R. Hill 
(with ten figures) 

Introduction 

The apparatus and experimental technique which are described in this 
paper have been developed to determine continuously, automatically, and 
throughout the life of a plant, if desired, the carbon dioxide exchange and 
the transpiration in a chamber in which plants are growing under field con- 
ditions. This discussion gives a general resume of our methods, including, 
first, a description of the equipment ; second, illustrations of its application to 
alfalfa and wheat ; third, a statistical analysis of the data, showing the mag- 
nitude of the errors and variability involved; and fourth, some interesting 
observations on the relation of light intensity and temperature to the rate of 
photosynthesis, respiration, and transpiration, which these methods have 
made clear. 

The lack of an adequate method for the rapid and continuous determina- 
tion of atmospheric carbon dioxide has been responsible for the somewhat 
limited employment of the carbon dioxide exchange in the measurement of 
photosynthesis of plants and respiration of both plants and animals. The 
best methods available — including the gasometric procedure of Benedict 
(2) ; the volumetric method of Johnson and Walker (6) ; the electrometric 
method of Spoehr and McGee (8) ; and the gravimetric methods — ^liave left 
much to be desired either of convenience or accuracy for this purpose. Since 
the atmosphere contains only 310 parts per million by volume of carbon 
dioxide, the gasometric and gravimetric methods have been handicapped by 
insufficient material, and the volumetric and electrometric methods have 
needed more efficient absorbers to permit the use of larger air samples. 
The latter need recently has been filled by the absorbers of Martin and 
Green (6), Heinicke and Hoffman (4), and Thomas (9). A unique 
method of determining carbon dioxide exchange has recently been devised 
by McAlister (7) . After this paper was submitted for publication, a paper 
by Waugh (10) appeared, describing a hand-operated conductivity appa- 
1 Grateful acknowledgment in made for assistance in carrying out these investigations 
to the following: Operation of apparatus: Lynn Beown and J. Allen; agronomic obser- 
vations: L, W. Nielsen; calculation of results: T. R, Colliee, D. Bonner, T. Bunkall, 
M. Christensen, F. Evans, R. Hirst, S. R. Irvine, and G. Minee; chemical studies: 
R. H. Hendricks, A. Anderson, R. Evans, H. Linford, D. Peterson, G. F. Somers, 
G. Tanner, and D. Williamson; records: M. R. Bernston. 
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ratus, based on the same principles as have been employed in the automatic 
apparatus used in this work. Waugh refers to a recent paper by Hold- 
HEiDE^ Hubeb, and Stocker,* who describe a somewhat similar apparatus. 

Description of apparatus 

We have worked with six-foot square plots of plants growing in the field 
under as nearly natural conditions as possible. Over these plots is placed a 
celluloid-covered cabinet, through which measured volumes of air are passed 
at rates ranging up to several hundred cubic feet per minute. Continuous 
and simultaneous measurements of the carbon dioxide content of normal air 
going into the cabinet and coming from it are made. 

The CO 2 AUTOMETER 

The carbon dioxide analytical machine or autometer was described in 
1933 in Industrial a/nd Engineering Chemistry (9). A diagram of the 
essential features of this apparatus is presented in figure 1, which illustrates 
clearly the direction of flow of liquid and gas through the system under the 
control of the cam-operated automatic valves A to T, inclusive. The auto- 
meter has two absorbers, employing 0.005 N sodium hydroxide as absorbent. 
These absorbers are capable of scrubbing out all of the CO 2 from a stream 
of air passing at about 300 cc. per minute. This is accomplished by using a 
sintered glass disk to break up the air stream into very fine bubbles, and a 
surface tension depressant — ^normal butyl alcohol — ^in the liquid, to cause 
foaming and thus to prolong the period of contact between the bubbles and 
the liquid. The progress of the absorption is followed by measuring the elec- 
trical conductance of the solution at constant temperature with a recording 
Wheatstone bridge, making use of the fact that sodium hydroxide solution 
has about twice the conductance of the equivalent sodium carbonate solution. 

A motor and reduction gear system, not shown in figure 1, operates an 
air-pump, and also the two camshafts indicated at the top of the figure. The 
cams open and close the automatic valves in proper sequence so that the 
aspiration of the absorbers alternates every two minutes, and the absorbing 
solution is retained for 8 successive aspirations in each absorber before being 
drained out and replaced with a fresh charge. The electrical conductance 
of the solution is automatically recorded each time the absorber is quiescent. 
An air sample of exactly 600 cc., or any other desired volume, is dispensed 
to each absorber by a special mercury gas meter in each 2-minute period. 
The meter consists of two flat steel boxes 15 x 20 x 2 cm. deep, connected 
through a XJ-tube. The meter contains enough mercury to fill one box com- 

2 Holdheidb, W., Huber, Bb., and SrooxER, 0. Eine Feldmethode zur Bestlmmung 
der momentanen Assimilationagrbase von Landpflanzen. Ber. d. hot. Ges. 64: 168-188. 
1936. 
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Fig, 1. Diagram of the carbon dioxide autometer. The method of measuring and 
controlling the flow of liquid and gas is shown. 

pletely and leave 600 ee. of free space in the other. The mercury, under the 
control of valves, D, E, I, J, K, and L, flows alternately from one box to the 
other, thereby dispensing the air sample before it and drawing in a fresh 
sample behind it. An eccentric on the camshaft raises and lowers one side 
of the meter on a pivot so that there is never an appreciable hydrostatic head 
of mercury in either box. The rate of flow of the gas is adjusted by the 
suction system so that the entire gas sample is withdrawn from the meter 
in a few seconds less than the 2 minutes allotted for the operation. The 
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mercury is then drawn up into the glass^capillary tubing above the meter a 
distance of about 5 cm., depending on the reduction of pressure in the equal- 
izing bottle, which is controlled by the bleeder valve, until the end of the 
2-minute period. The electrical contacts on the gas meter permit the regis- 
tration on the recorder chart of the fact that the complete sample has been 
withdrawn. 

A cycle consists of 16 2-minute periods, giving 8 samples to each absorber, 
which retains the same absorbing solution throughout the cycle. In the next 
cycle the absorbers are recharged with liquid and the source of the samples 
is reversed. This reversal is accomplished by the valves M, N, 0, P, two of 
which are open while the other two are closed. The valves Q and R supply 
the first sample of air from a large reservoir for the initial adjustment of the 
solution. Thus by averaging two consecutive cycles any slight machine dif- 
ferences between the absorbers or electrodes can be canceled out and an 
accurate measure of the difference between the COo concentrations at the 
intake and outlet of the plant chamber over a 64-minute period can be 
obtained. This principle of alternating the source of the air samples is also 
employed when comparing two plant chambers using two autometers. 

The COa becobder chart 

A section of the recorder chart is illustrated in figure 2. This chart rep- 
resents the COg concentrations at the intake and the outlet of a plant chamber 
between the hours of 4:40 p.m. and 8 : 15 p.m. on August 6, 1936. The 
significance of the record may be understood when it is pointed out that A 
represents the conductance of the spent solution in the first absorber just 
before it is drained out, causing the indicated conductance to fall to zero. 
B represents the corresponding conductance of the second absorber. The 
conductance of the two fresh and initially-adjusted solutions are shown at 
C and D. Then the conductance decreases in steps after each pair of 2-min- 
ute absorptions until the cycle is completed at E and P. These solutions 
are drained out, the sources of the air samples reversed, and a new cycle 
commences at G and H. The track at the right margin proves that a full 
air sample was dispensed for each absorption. At the beginning of a number 
of the cycles in this chart the source of the samples for the individual absorb- 
ers — ^whether intake or outlet of the plant chamber — ^is designated. Since 
the volumes of the absoi|)ing solution and the volumes of the air samples are 
constant, the displacemeint of the conductance of the solution from C to E 
and from D to P represent the concentration of the carbon dioxide in the 
intake and outlet air respectively. Por each cycle, the intake and outlet 
concentrations have been calculated and placed upon the graph; also the 
percentage change of concentration of the air stream on passing through the 
plant chamber. Fairs of cycles have been grouped together and averaged 
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Fig. 2. Sample section of the recorder chart, made during the evening of August 6, 
1936. The recorder gives the analyses of intake and outlet air samples from a plot of 
alfalfa. This chart indicates photosynthesis during sunlight (to 7 : 06 p.m.). Thereafter 
it indicates respiration* 

to give the values for 64-ininute periods. It will be noted that there is a 
decrease in the positive values of the absorption until 6 : 30-7 : 00 p.m., when 



290 


PLANT PHYSIOLOGY 


the two concentrations were almost equal, indicating a decrease in the amount 
of photosynthesis with the approach of sunset at 7 : 20 p.m. In fact, close 
scrutiny of the record reveals that the compensation point occurred at about 
7 : 05 P.M. Thereafter the amount of carbon dioxide leaving the plant cham- 
ber was greater than that which entered, indicating respiration. The air 
flow through the plant chamber was reduced to one third its daytime value 
at 7:00 P.M. This accounts for the apparently exaggerated amount of 
respiration as compared with the earlier assimilation. It should be noted 
also that the concentration of carbon dioxide in the air rose from about 292 
parts per million during the first hour depicted, to 330 parts per million in 
the last cycle. This rise in the concentration of COg in the air occurs regu- 
larly in the evening and the reverse effect is noted regularly in the morning 
It is doubtless caused by the depletion of COo in the air close to the ground 
by photosynthesis in the daytime and its enrichment by respiration at night. 

The PLANT CHAMBER 

Figure 3 is a photograph taken September 7, 1936, of a pair of the plant 
chambers numbered 7-A and 8 The CO^ exchange of these two plots, which 
appear to be identical in stand, is presented below The photograph shows a 
blower and the 8-inch galvanized pipes leading into the chambers ; also tin 
windows, which permit some access into the interior of the chambers, and 
the small glass sampling tubes through which samples of intake and outlet 



Fig. 3. Plots 7-A and 8 on September 7, 1936, illustrating the plant chamber and 
blower. 
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air are taken to the autometers for carbon dioxide analysis. A celluloid 
window is shown on the intake pipe, through which an anemometer may be 
read without disturbing the air flow. The exit pipe is just beyond the intake 
pipe and it also contains an anemometer. These instruments are not removed 
from the pipes except to interchange them between the different pipes. They 
are read at frequent intervals and are interchanged daily. 

A careful study has been made of the anemometer readings in order to 
convert the indicated velocity readings into air volumes. For this purpose 
it has been necessary to determine the channeling of the air in the pipe and 
also to determine the relations between the average rates of flow on a given 
cross-section and the volume of air passing through the pipe. These rela- 
tions have been determined empirically by passing measured volumes of air 
through the pipes and measuring the velocities with anemometers under 
conditions simulating those which obtain in the experimental work. In this 
way it has been found that the pipe containing the anemometer behaves as 
if it were considerably smaller than its dimensions would indicate. Since the 
anemometers do not give a reliable indication at low air velocities the practice 
has been adopted of placing a rubber collar around the instrument, so as to 
force all of the air to go through it when small air volumes are used. In this 
way it is possible to measure small air volumes (1000 liters per minute or 
less) such as are used at night, with the same precision as the larger air vol- 
umes (4000 to 7000 liters per minute), which are employed during the day. 

By measuring the volume of air entering and leaving the plant chamber 
it is possible to determine the leakage in the system. This seldom exceeds 
10 per cent, of the total volume, and the air volume employed in the calcula- 
tions is the mean of the intake and outlet volumes. 

Respiration and photosynthesis data 

Alfalfa 

The respiration and apparent photosynthesis values of two plots, nos. 7-A 
and 8, which were measured continuously and simultaneously for 26 days, 
from September 4 to October 1, 1936, except for 2 days when the equipment 
had to be used for other purposes, are illustrated in figure 4, charts A, B, and 
C. The abscissae represent time. The occurrence of 6 a.m. and 6 p.m. on the 
different days is indicated. The ordinates represent grams of carbon dioxide 
absorbed per period of 64 minutes. The values below the zero ordinate indi- 
cate respiration ; above zero, apparent assimilation. 

The symmetry of the curves is striking ; also the fact that the independent, 
although similar, plots show such close concordance. Many pairs of points 
are coincident, though at times the curves depart from each other sliglitly. 

Seventeen of the 26 days were cloudless and the photosynthesis curves 
are quite regular and symmetrical. Clouds of different types occur at least 
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SAM. SPM SAM 6PM. 


FiO. 4. Chart A, Photosynthesis and respiration curves for alfalfa plots 7-A and 8, 
from September 4 to September 15, 1986, The values for each 64-minut6 period of the 
respiration at night and apparent assimilation during the day on each plot are indicated. 

at times on the other 9 days illustrated, and this cloudy weather is reflected 
by irregularities in the assimilation curves. For example, a very heavy cloud 
in the late afternoon of September 4 caused photosynthesis to drop almost 
to zero at 4 : 30 to 5 : 30 p.m:., and dense clouds in the morning of September 
14 delayed the beginning of photosynthesis over an hour. The irregularities 
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6AM 6PM 6AM 6PM 

Pig. 4. Chart B. September 16 to September 23, 1936, 


on September 5, 12, 25, 26, and 27 were due to intermittent clouds during 
these days. September 25 and 26 will be referred to again later. 

There is a 5-day period between September 19 and 24 in which plot 7-A 
appears to be less active than plot 8 during part of the day. This condition 
we believe to be due to failure of irrigation water to penetrate plot 7-A uni- 
formly, w^+h the result that one side of the area was appreciably drier than 
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6AM. 6P.M. 6AM 6P.M 


Tio. 4. Chart C. September 24 to October 1, 1936. 

the rest. When this plot was heavily irrigated on September 24 the photo- 
synthesis of the two plots quickly came to close agreement again. 

The respiration curves are nearly coincident. It will be noted that there 
is a tendency for the amount of respiration to decrease as the night advances, 
owing to a lowering of the temperature. In this connection it should be 
pointed out that no account has been taken in this work of ‘ ‘ soil respiration. ’ ’ 
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A number of observations have indicated that this is a second-order factor, 
but more work needs to be done on this point. 

The data of plots 7-A and 8 are summarized in table I, which is a balance 
sheet of growth and carbon dioxide exchange. The table gives the total daily 
apparent assimilation, respiration, and net assimilation, and their ratios, 
for each day during the period of observation. The total net assimilation 
is also given. The net assimilation values have been converted into equiva- 
lent dry matter, assuming on the basis of chemical analysis that the dry plant 
substance contained 44 per cent, of carbon. An estimate was made of the 
amount of dry material on the plot on September 4, when the observations 
began, by harvesting adjacent areas of alfalfa which appeared to be equiva- 
lent in height and density of stand. The plots were harvested on October 2, 
and the dry matter was determined. In this way it is shown that only 16.4 
per cent, to 16.7 per cent, of the total net assimilation could be accounted for 
as top growth. The remainder probably entered the roots and there was 
stored. Similar experiments carried out in the summer have accounted for 
much larger percentages of the carbon dioxide assimilated as top growth. 
Evidently the low temperatures obtaining in September were conducive to 
storage of the products of photosynthesis rather than to top growth. 

It will be noted that the rate of net assimilation was 15 per cent, greater 
on September 29 than on September 6, which were comparable days. In 
this period the estimated increases in total functioning dry matter and leaves 
were 23 per cent, and 16 per cent, respectively. 

Wheat 

A few experiments have been carried out with wheat. The variety of 
wheat used was Utah Experiment Station no. 11544, a very uniform pure- 
line selection from Hard Federation x Dicklow — a cross made some years 
previously. The curves of photosynthesis and respiration are quite similar 
to those obtained with alfalfa. Figure 5 presents the total daily apparent 
assimilation of a plot of wheat which was under observation from June 6, 
when the plants were just entering the boot stage, until July 12, when the 
grain was in the dough stage. This plot consisted of 4 rows of plants with 
20 plants in each row’. Some indication of the light intensity on the different 
days is given by the use of letters, which indicate whether the day was cloud- 
less or whether the clouds were light, medium, or dense. On July 8 one row 
of the plot w^as harvested to obtain material for analysis and also to establish 
the amount of plant substance on the plot. Accordingly , on the last 5 days 
the amount of apparent assimilation has been calculated to a quantity of 
plant substance comparable with the rest of the experiment, as indicated by 
the circled points. In spite of the daily fluctuations it is apparent from the 
chart that the assimilation level of the wheat increases to maximum value at 
the flowering stage, then decreases through the milk and dough stages. 



TABIiE I 

Balance sheet or growth and carbon Dioxms exchange plots 7- A and 8 (Alfalfa) 
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9 15 17 21 25 29 3 7 It 

JUNE JULY 


Fig. 5. Total daily carbon dioxide absorption of wheat from June 6 to July 12, 1936. 
The type of light conditions prevailing on the different days is shown. On July 8 one- 
fourth of the plot was harvested and the subsequent data have been adjusted to the original 
quantity of plant substance as indicated by the circled points. 

When the experiment was discontinued the assimilation level was only about 
half of the level during the period of maximum activity. At this time the 
amount of functioning tissue was greatly curtailed due to the senescence. 
On July 8 55 per cent, of the leaf blades were dead, including 8 per cent, of 
the apical, 12 per cent, of the second from the top, and 37 per cent, of the 
third leaf blades. 

Table II is a balance sheet of growth and carbon dioxide exchange on 
this plot of wheat. The data are presented in the same form as in table I. 
It will be observed that the apparent assimilation is considerably lower in the 
wheat plot than in the alfalfa plot. This is due largely to the fact that there 
was a considerably smaller amount of functioning tissue on the former. On 
the other hand, the respiration levels of the wheat and alfalfa are approxi- 
mately the same, which is probably explained by the fact that the night tem- 
peratures during June were higher than the night temperatures in Septem- 
ber. It is particularly interesting to note that 83.3 per cent, of the total 
carbon dioxide assimilated is accounted for as top growth, with only 16.7 per 
cent, which may be assumed to be root increment. 

Statistical analysis of the analytical data 

The following statistical analysis will consider first the errors that may 
be expected in the absorption data as a result of errors attributable to the 
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TABLE II 

BAIiANCE SHEET OE GROWTH AND CARBON DIOXIDE EXCHANGE PLOT 6 (WHEAT) 


Hate 

Appar- 

ent 

assimi- 

lation 

Night 

respira- 

tion 

Net 

ASSIMI- 

LATION 

Date 

Appar- 

ent 

ASSIMI- 

LATION 

Night 

RESPIRA- 

TION 

Net 

ASSIMI- 

LATION 

(1936) 

gm. 

gm. 

gm. 



gm. 

gm. 

gm. 

June 

6... 

78.6 

17,4 

61.2 

June 

24.. 

128.4 

20.5 

107.9 

it 

7... 

62.9 

11.6 

51.3 

i i 

25... 

106.8 

21.3 

85.5 

t ( 

8... 

78.9 

7,0 

71.9 

i4 

26.. 

109.0 

26.0 

83.0 

1 1 

9... 

115.6 

7.6 

108.0 

it 

27... 

108.6 

14.3 

94.3 

ti 

10. 

113,7 

16.6 

97.1 

it 

28.. 

67.6 

16.8 

50.8 

t i 

11.. 

101.2 

21.2 

80.0 

i i 

29... 

119.6 

17.5 

102.1 

i ( 

12... 

100.5 

18.7 

81.8 

i t 

30... 

111.2 

21.1 

90.1 

< ( 

13.. 

lll.I 

22.8 

88.3 

July 

1... 

116.8 

17.6 

99.2 

it 

14.. 

103.6 

25.3 

78.3 

i { 

2.. 

99.7 

25.6 

74.r . 

i t 

15.. 

106.3 

10.8 

95.5 

i t 

3.. 

100.9 

22.6 

78.8 

i i 

16. 

120.8 

21.8 

99.0 

i i 

4.. 

92.3 

14.2 

78.1 

i i 

17... 

113.3 

25.1 

88.2 

i i 

5.. 

85.3 

21.7 

63.6 

it 

18... 

120.0 

17.6 

102.4 

i t 

6.. 

81.2 

20.4 1 

60.8 

i t 

19... 

118.5 

21.3 

97.2 

it 

7... 

72.8 

17.4 

55.4 

it 

20... 

122.4 

13.9 

108.5 

ti 

8. 

60.0* 

14.5* 

45.5* 

it 

21... 

124.4 

25.0 

99.4 

1 1 

9. 

80.4* 

9.7* 

70.7* 

it 

22 .. 

104.2 

25.2 

79.0 

ti 

10 . 

52.9* 

19.7* 

33.2* 

it 

23... 

95.0 

23.4 

71.6 

it 

11 . 

66.8* 

20.3* i 

46.5* 






it 

12... 

43.8* 

16.9* 

26.9* 

Total 


3595. 

690. 

2905. 



Total COj assimilated June 6 to July 8 



2682. 



Equivalent dry matter ... 





1663. 



Estimated dry matter less roots on July 8 


1744. 



Estimated dry matter less roots on June 6 


359. 



Top growth — June 6 to July 8 





1385. 


Top growth — ^per cent, of total CO 2 assimilated 83.3 

Probable root increment — ^per cent, of total CO 2 assimilated 16.7 


* Adjusted, 


operation of the autometer; and second, deviations in the respiration and 
assimilation values of two plots measured simultaneously by two autometers. 
The latter deviations will reflect not only the analytical errors of the two 
machines, but also the errors of measurement of the air volumes passing 
through the plant chambers, as well as actual differences in the respiration 
and photosynthetic levels of the two plots. When the analytical machines 
were constructed an extensive test was made to determine the differences 
that might be expected. in the carbon dioxide concentrations of the two 
absorbers when they were sampling from the same source. This extensive 
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experiment (9) indicated an average d.eviation between the two absorbers 
of 0.42 per cent. Since that time, some improvements have been made in the 
apparatus and the mean of over 300 samples of the same sort have indicated, 
an average deviation between the absorbers of 0.25 per cent. This machine 
error represents about 1 per cent, of the maximum photosynthetic values as 
our experiments are ordinarily carried out. 

The data in figure 4, charts A, B, and C, have been analyzed by recording 
the difference between the pairs of analyses. The average hourly deviations 
(without regard to sign) between the two plots, 7-A and 8, ranged on differ- 
ent days from 0.21 gm. to 1.05 gm. during the daytime and from 0.118 gm. 
to 0.315 gm. during the night. The average daytime value was 0.60 gm., or, 
if the 5 days when the drought conditions complicated the results are omitted, 
0.52 gm., and the average nighttime value 0J8 gm. These deviations repre- 
sent 1 per cent, to 5 per cent, of the total absorption during the daytime and 
5 per cent, to 15 per cent, of the night respiration. If these deviations were 
entirely due to errors in analysis, their average values would represent ma- 
chine absorption errors of 0.3 per cent, to 0.5 per cent, in the daytime and 
0.7 per cent, at night, i,e,, values 1 to 3 times the normal machine error of 
0.25 per cent. A similar statistical analysis of another pair of plots amply 
confirms the values found for plots 7-A and 8. 

When the hourly deviations are analyzed by Fisiieb^s method (3) of ‘‘t’^ 
it is found that the differences are significant on September 19, 20, 22, 23, 
and 24, when drought conditions probably complicated the results. On only 
two other days, namely, September 14 and September 29, are the differences 
significant, and on these two days the absolute values of the differences are 
negligibly small. Significant differences at night occurred on September 8, 
9, 11, 21, and 28, but only on September 11 was the average deviation for 
the night greater than the average value (0.18 gm. CO^) mentioned above. 
Evidently these deviations are so small that this equipment should serve to 
measure extremely small experimental effects. 

Influence of light intensity on photosynthesis 

The influence of variable light intensity due to clouds was strikingly 
shown on a number of days in figure 4, charts A, B, and C. Three of these 
days have been replotted in figure 6 above the curve representing the light 
intensity as determined with a 10- junction pyrheliometer placed horizon- 
tally, and a recording voltmeter. Intermittent measurements of the light 
intensity with a Weston cell confirmed the values given by the pyrheliometer. 
The values of the light intensity at normal incidence also have been calculated 
from the values on a horizontal surface. September 15 was a cloudless day , 
and the assimilation curves are essentially regular. Their shape is inter- 
mediate between the shapes of the light curves at normal incidence and on 
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Fio. 6. Belation of photosyntliesis to light intensitY. Apparent assimilation of 3 
different plots of alfalfa on September 15, 25, and 26, 1936, is plotted above the eurves 
of light intensity on the same days. The eurves illustrate the r61e of clouds in modifying 
the photosynthetie values. 

the horizontal surface. September 25 and 26 were partly cloudy. It will 
be seen that the peaks of light intensity correspond closely with the peaks of 
photosynthesis. Of course, the method of averaging 64 minutes of record 
in calculating the points on the assimilation curve tends to smooth out 
irregularities due to too frequent changes in the light. For example, on 
September 26, a different grouping of the data would have shown a level 
equivalent to 10 grams between 1 : 30 and 2 ;40 p.m., and 20 grams between 
2 : 40 and 3 : 10 p.m. The flash of sunlight between 1 : 20 and 1 : 30 p.m. can 
be distinguished in the record. 

A striking relationship is illustrated on September 26. The photosyn- 
thetic maximum is appreciably higher than normal. This appears to be 
associated with the large fluctuations in light intensity due to frequent 
obscuring of the sun with clouds. It has frequently been noted that higher 
than normal apparent assimilation levels are reached when the sun is inter- 
mittently obscured by clouds for a few seconds to one or two minutes. This 
is probably due in part to a lower leaf temperature with attendant lower 
respiration. It may also be due in part to the orientation of the chloroplasts. 

Incidentally it should be pointed out that in addition to the assimilation 
values of plots 7-A and 8, those for plot 5 also have been placed on the graphs 
as unconnected crosses. The concordance is excellent, not only in full light, 
but also in cloud shadow, and particularly so considering the fact that plot a 
is a different variaty of alfalfa, and the plants are somewhat older. 
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Figure 7 illustrates some assimilation curves on cloudless days. The 
lower curve in the chart to the left represents a plot which is just starting 



Pig. 7. Relation of stage of growth and length of day to photosynthesis. Apparent 
assimilation of 3 plots of alfalfa at 3 stages of growth in midsummer (left) ; and 3 plots 
of comparable stage of growth at monthly intervals (right). 

to grow, the plants being 6-8 inches high. Part of the plants are shaded 
early in the morning and late in the evening by the base of the cabinet, so 
that the beginning of assimilation is retarded in the morning and its com- 
pletion hastened in the afternoon. The upper curve represents a full-grown 
plot at about the same time, with the plants about four feet tall. The center 
curve represents the latter plot when the plants were 18 inches high. It is 
interesting to note that the assimilation level is only twice as great in the plot 
with plants 48 inches tall and having 3.6 times the weight of leaves, as in the 
plot with plants 6-8 inches tall, due, at least in part, to a larger proportion of 
shaded leaves under the fully illuminated surface leaves on the larger plot. 

The chart on the right illustrates three more or less comparable plots at 
approximately monthly intervals. This chart shows the effect of the shorter 
day, but indicates about the same maximum apparent assimilation level 
regardless of the fact that the maximum angle of incidence of the sun on 
September 29 was 47.5® as compared with 66.5® on August 4. Indeed, the 
apparent assimilation level on the later date was somewhat higher than on 
earlier dates which was probably a reflection of a lower rate of respiration 
due to lower temperature. 

In figure 8, the effect of clouds in reducing the assimilation level is illus- 
trated. It will be seen that there is no appreciable reduction in the rate of 
assimilation as long as the light intensitj’- exceeds about 52 per cent, of its 
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Fio. 8. Belatiou of photosynthesis to light intensity. The influence of clouds of 
different densities in reducing the photosynthetic level of alfalfa. 

maximum value. The curve seems to indicate a linear relationship between 
the photosynthetic level and light intensities below 52 per cent, of the normal 
maximum at Logan, Utah. 

Effect of temperature on respiration 

Figure 9 illustrates the effect of temperature on the respiration level and 
is derived by a consideration of the respiration values on a number of differ- 
ent nights in September. During this time there was very little top growth 
on the plot, and accordingly the quantity of vegetation is substantially con- 
stant over the period from which the respiration and temperature values were 
selected. It will be seen that the respiration level increases about fourfold 
with a temperature rise from zero degrees to 20® C., which is about the value 
expected from other work in the literature. 

In a number of other experiments, temperature coefficients of approxi- 
mately this value have also been obtained. 

Transpiration 

It seemed desirable to attempt to measure transpiration, in addition to 
the carbon dioxide exchange in the plant chambers. Accordingly, during 
the summer of 1936, four units of the Leeds & Northrup relative humidity 
recorders (1) were purchased. This recorder employs a pair- of carefully- 
balanced resistance thermometers, mounted in knife-shaped cases. One of 
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Fig. 9. Influence of temperature on the respiration of alfalfa. 


the thermometers is wet by a wick. If wet-bulb temperature is plotted 
against dry-bulb temperature for a given value of the relative humidity, a 
straight line is obtained, the slope of which depends on the value of the 
relative humidity. Relative humidities from 20 per cent, to 100 per cent, 
thus yield a family of straight lines which on extrapolation intersect in a 
very limited area near a point corresponding to about - 10® 0. The recorder 
measures the relative resistance of the wet- and dry-bulb resistance ther- 
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moiaeters from this point of reference. • Thus the instrument reads relative 
humidity directly regardless of the temperature of the system. The instru- 
ment was calibrated by immersing the thermometers in baths of different 
temperatures and comparing the readings with the hygrometric tables. It 
was also checked by direct analysis of the air for water vapor. The manu- 
facturer’s claim, that the limit of error in the performance of the recorder is 
within 1.5 per cent, of relative humidity, was confirmed. 

Units of the apparatus were set up in the intake and outlet pipes of the 
plant chamber, dampers being used to insure sufficient air fiow over the wet 
bulb to produce maximum cooling. In addition, a group of resistance ther- 
mometers attached to an 8-point Leeds & Northrup temperature recorder 
made a continuous record of the air temperature at the points where relative 
humidity was measured. 

In calculating the results, the temperature and relative humidity records 
were averaged by hours and the weight of water vapor which was carried 
past a given point was estimated on an hourly basis, using the vapor-pressure 
curve of water and the rate of air flow as determined by the anemometers in 
the pipes. Figure 10 is presented to illustrate the type of data which have 



Fia. 10. Curves of res{dTatlDa and apparent assimilation (upper) ; average intake 
and average outlet temperature (middle); and transpiration (lower) of two plots of 
alfalfa. 

been obtained. The transpiration curves of two similar plots, plots 5 and 6, 
meftsured simultaneously, are given along with the corresponding carbon 
dioxide exchange curves and the average intake and outlet temperature 
curves on 3 cloudless days. The total amounts of water transpired on plots 5 
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and 6 were 31.1 and 31.3 kilos respectively on August 25 ; 30.8 and 29.4 kilos 
on August 26 ; and 28.2 ^d 27 .6 kilos on August 27. The graphs and data 
indicate that transpiration can be measured continuously and automatically 
with an average deviation of less than 5 per cent. It is probable that the 
equipment is capable of better performance than this. The shapes of the 
transpiration curves are similar to those of the carbon dioxide curves, except 
that the former are more pointed and definitely skew, reaching their maxi- 
mum on a cloudless day at about 2 p.m. There is obviously a close correla- 
tion between the rate of transpiration and the temperature, particularly dur- 
ing the day, when the temperature curves are also correspondingly skew. At 
night the response of transpiration to temperature is less noticeable, though 
definite. This is due to several causes: first, stomatal closure at night; 
second, reduction of the air volume passing through the plant chamber to 
30 per cent, of the daytime volume ; and third, lowering of both the vapor 
pressure of water and its temperature coefiScient when the temperature is 
lowered. In any case, the graphs show clearly that both transpiration and 
respiration fall off progressively as the night advances along with the lower- 
ing of the temperature. 

It should be noted that the outlet temperature exceeds the intake tem- 
perature during the morning, but during the afternoon and night the reverse 
is true. The cooling effect of transpiration is thus manifested at night, and 
also in the afternoon when evaporation removes more energy from the system 
than is added by solar radiation. In the morning, when the temperature is 
lower, the input of radiant energy exceeds the outgo through evaporation. 

Summary 

1. This paper describes apparatus designed to measure continuously and 
automatically, the carbon dioxide exchange and the transpiration of plants 
growing under natural conditions. 

2. The carbon dioxide analytical machine or autometer, with its most 
recent improvements, is briefly described, and a typical section of the 
recorder chart is presented to show how the apparatus operates. 

3. This equipment has been used to measure simultaneously and con- 
tinuously the carbon dioxide exchange on two similar plots of alfalfa over 
a period of 26 days. The hourly values of respiration and photosynthesis of 
the two plots are plotted. Data summarizing the daily apparent assimilation 
values of a plot of wheat covering a period from the boot stage to the dough 
stage are also presented. 

4. The alfalfa curves show that two similar plots give closely concordant 
responses to the environment, both as to respiration and photosynthesis. 
The two curves are analyzed statistically, and it is evident that the apparatus 
may be used to measure very small effects of an experimental treatment. 
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6. The influence of clouds on rate of photosynthesis is strikingly shown 
by the curves. Further, data have been collected which indicate that the 
rate of photosynthesis of alfalfa is a linear function of the sunlight intensity 
up to about 52 per cent, of the normal maximum at Logan, Utah. Greater 
intensities do not increase the rate appreciably. 

6. Bespiration varies with the temperature, and increases about fourfold 
in rate between 0“ C. and 20® C. 

7. The balance sheet of the alfalfa plots shows that only 16.5 per cent, of 
the net carbon dioxide assimilated could be accounted for as top growth. 
The remainder was probably stored in the roots. This was a late-season 
experiment. In the summer a much larger proportion goes into the tops. 

8. The wheat data show that the rate of assimilation reaches a maximum 
in the flowering stage, then falls off in the milk and dough stages owing to the 
senescence of the plant. The balance sheet accounts for 83.3 per cent, of {he 
net assimilation as top growth. 

9. Transpiration has been measured continuously and automatically 
using Leeds & Northrup relative humidity recorders. The transpiration 
curves resemble the carbon dioxide exchange curves in shape, but they are 
more pointed than the latter and also are definitely skew in the daytime. 
The transpiration curves evidently reflect temperature changes closely; 
whereas photosynthesis follows more nearly the light intensity. The aver- 
age deviation of the transpiration values on two similar alfalfa plots was 
less than 5 per cent. 

Dkpaetment or Aqbicitltubal Beseabch 

Ambbican Smelting and Befinino Company 
Salt Lake City, Utah 
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RELATION OP SULPHUR DIOXIDE IN THE ATMOSPHERE TO 
PHOTOSYNTHESIS AND RESPIRATION OP ALPALPA^ 

Motbb D, Thomas and Geo. B. Hill 
(with twelve figures) 

Introduction 

One of the most fundamental processes in the growth of vegetation is 
that of photosynthesis, by which the principal portion of the plant sub- 
stance is synthesized. This process involves delicate and complicated chemi- 
cal reactions under the influence of light — reactions which are readily affected 
by external conditions. A study of the photosynthetic processes, and also of 
respiration, in connection with sulphur dioxide fumigations, should throw a 
great deal of light on the nature of the reactions of the gas with the vegeta- 
tion. 

A carbon dioxide analytical machine or autometer has been made (6), 
which is capable of measuring continuously and automatically the concen- 
tration of carbon dioxide at two points in an air stream. The use of this 
autometer in connection with a celluloid-covered plant chamber (2, 8) per- 
mits the determination of the carbon dioxide content of a measured volume of 
air as it enters and as it leaves the plant chamber, thus measuring the rate of 
photosynthesis during the day of the plants in the cabinet, growing under 
field conditions, and their respiration at night. By using two units of this 
equipment, a sulphur dioxide fumigation treatment has been applied to one 
and the effect of the treatment has been determined by comparing the rate of 
photosynthesis and respiration of the treated plot with that of a similar 
check plot. 

This paper presents the complete carbon dioxide exchange history of 9 
fumigated plots and their corresponding check plots, covering in each 
case the fumigation period and also periods preceding and following the 
fumigation. Experimental treatments have been studied ranging from 
fumigations which produced almost complete foliar destruction, progres- 
sively downward to long-continued sublethal dosages of the gas. The experi- 
ments are arranged in order of decreasing concentration of applied sulphur 

1 Grateful acknowledgement is made for aesietance in carrying out theee investigations 
to the following individuals: Operation of apparatus, Lynn Brown and J. Allen; 
agronomic observations, L. W. Nielsen; calculation of results, T. B. OolueE, D. 

T. Bunkall, M. Christensen, F. Evans, E. Hirst, S. B. Irvine, and G. Miner; chemical 
studies, B, H. Hendricks, A. Anderson, B. Evans, H. Linford, B. Peterson, G. F. Som- 
ers, G. Tanner, and B, Williamson; records, M. B. Berntson. 

AU of the chlorophyll analyses, and most of the sulphur analyses in this paper were 
carried out by Dr. B. H. Hendricks. 
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dioxide. The paper also includes the. fumigation and yield data of these 
plots, together with sulphur and chlorophyll analyses of the plants. Other 
chemical and agronomic data on these plots, and also transpiration studies, 
will be reported later. 

An earlier paper (2) compared the effect of leaf destruction by sulphur 
dioxide fumigation and by clipping on the yield of alfalfa. It was shown 
that the yield was reduced in proportion to the amount of leaf destruction 
and that if there was no leaf destruction there was no significant reduction 
in yield. The two methods of causing leaf destruction — sulphur dioxide 
fumigation, and clipping off the leaves with shears — ^produced nearly iden- 
tical reductions in yield. A second paper (7) showed that the quantity of 
leaf destruction was proportional to the amount of gas absorbed by the 
leaves, and that an appreciable amount of sulphur dioxide, approximating 
one quarter of the amount necessary for complete leaf destruction, could be 
absorbed without any leaf destruction at all. It was also shown that the 
amount that could be absorbed without injury increased greatly as the rate 
of absorption decreased, due probably to the rapid conversion of absorbed 
sulphur dioxide to the thirty-or-more times less toxic sulphate form. The 
papers cited also described the apparatus and technique for conducting the 
sulphur dioxide fumigations. Briefly, the procedure consisted in adding the 
sulphur dioxide from a bottle of the liquid through a capillary flowmeter 
system to the air stream entering the plant chamber. The air stream was 
analyzed for sulphur dioxide continuously and automatically (5) as it 
entered and as it left the plant chamber, thus permitting the determination 
of the quantity of the gas absorbed by the vegetation. In addition, a record 
was kept of the environmental conditions — flight, temperature, and relative 
humidity. Observations on growth, yield, and leaf destruction were also 
made. 

As a matter of interest, in the charts which will be presented later, the 
occurrence of clouds hlusbeen indicated in a number of cases. It should also 
be noted that the carl^on dioxide exchange data of 4 plots on the same days 
furnish many examples of quadruplicate records. Attention may be di- 
rected to August 23 and 28, 1936, on figures 10 and 12 ; to August 5, 1936, 
on figures 3 and 4 ; and to August 12, 14, and 16, on figures 4 and 5, as strik- 
ing examples of these quadruplicate records. 

Effect of sulphur dioxide on alfalfa as indicated by the 
carbon dioxide exchange 

I. Expebimbnts at Salt Lake City, Utah 

A, Effects of fumigations producing nearly complete depolution. — 
At the Agricultural Besearoh Laboratory of the American Smelting and 
Befining Compwy at Salt Lake City, Utah, two plots of approximately 
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equal stand were covered with the celluloid cabinets, and their photosyn- 
thesis and respiration were measured for several days in July, 1938. Then 
from 1:15 to 2:00 p.m. on July 17 one of the plots, no. 4 — 14, was given a 
45-minute fumigation. The average sulphur dioxide concentration at intake 
was 7.0 p.p.m. (maximum 8.6 p.p.m.) and the average outlet concentration 
was 4.0 p.p.m. (maximum 5.1 p.p.m.). This treatment caused about 95 per 
cent, acute leaf destruction. The carbon dioxide exchange data of this plot 
and its check are presented in figure 1. The abscissa represents time, and 
the ordinate represents grams of carbon dioxide absorbed in each 64-minute 
period. Positive values indicate photosynthesis, negative values, respira- 
tion. It will be seen that within an hour, the fumigation caused the plot to 
cease assimilating carbon dioxide and actually to commence evolving carbon 
dioxide as if the plot were in the dark. On the next two days assimilation 
and respiration practically balanced each other, but for a few hours each 
day there was a small amount of assimilation. Thereafter, with the gradual 
appearance of new leaves, the plot increased in ability to assimilate, until on 
the ninth day the activity was about 65 per cent, of the check ; and, allowing 
for the fact that before the fumigation the plot was 15 per cent, less active 
than the cheek, the recovery on this day was about 75 per cent. 

Observation of plot 4-14 indicated that on July 19, 90 per cent, to 95 per 
cent, of the leaf tissue had been destroyed. Some of the lower leaves in the 
center of the plot were uninjured. On July 21 new leaves were seen to be 
forming, and dry leaves were falling off. On July 26 the plots were har- 
vested. At this time 23 per cent, of the dry weight of the plants consisted 
of normal green leaves, 7 per cent, of bleached leaves, and 70 per cent, of 
stems. In addition, 135 grams of leaves were shed, representing 10 per cent, 
of harvest weight. The check plot had 35 per cent, of leaves. The sum of 
the percentages of green, marked, and shed leaves on the treated plot was 
thus greater than the percentage of leaves on the check plot, indicating a 
much more rapid growth of leaves on the treated plot, subsequent to the 
fumigation, than on the check. 

The decrease in total assimilation in the period following the fumigation 
represented 35 per cent, of the harvest weight of the check plot, making 
allowance for the fact that the check plot was 15 per cent, more active than 
the treated plot for two days before the fumigation. The harvest weights of 
these crops, which grew from June 16 to July 26, were 1530 grams for the 
check and 1300 grains (plus 135 grams of dead leaves which had been shed) 
for the treated plot. The observed decrease in yield of 15 per cent, was only 
about half the decrease in net assimilation because, at this stage of growth, 
less than half of the assimilated carbon dioxide was utilized for top growth, 
the remainder probably going into the roots. 

The experiment described above was the first that was carried out with 
two units of the carbon dioxide apparatus. The results obtained, while con- 
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6 AM. 6 PM. 6 A.M. 6 P.M. 

Fzgl 1. Apparent assimilation and zespiration of plots 2-14 and 4-14 (1933). Plot 
4-^14 was almost completely dofoUated on July 17 by a sulphur dioxide fumigation. The 
eurres s^iow 1^® subsetjuenf reoovery of the photosynthetic functions with the growth of 
new leaves^ 
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elusive, were less accurate than later experiments, owing to initial difiBeulties 
with the machines. Another similar experiment will, therefore, be referred 
to briefly which confirms the results obtained with plot 4-14. 

At 11:45 A,M. on September 1, 1933, a plot was accidently fumigated 
with a concentration of 50 p.p.m. SO^ for nearly 3 minutes, which also 
caused about 95 per cent, leaf destruction. The photosynthetic activity of 
this plot declined gradually to the compensation point over a period of 2 
hours. The carbon dioxide exchange did not become negative until evening. 
Thereafter the behavior of the fumigated plot with respect to the check was 
giTnilnr to the behavior depicted in figure 1. During the 3 daj^ following the 
fumigation, apparent assimilation was about 7 per cent, of the check ; then 
the level of activity began to rise. In 10 days, the level was about 65 per 
cent, of the cheek, and in 15 days about 80 per cent. At this time the plot 
was harvested. The dry weight of the plants consisted of 24 per cent, of 
green leaves, 12 per cent, of marked leaves, and 64 per cent, of stems. The 
check plot had 36 per cent, of green leaves and 64 per cent, of stems. 

B. Effect op short fumigations with high concentrations op sul- 
phur DIOXIDE. — In the remainder of the experiments described in this paper, 
an attempt has been made to avoid producing an appreciable amount of leaf 
destruction. The next experiment to be described extended from August 1 
to 11, 1933. The plots were third-crop alfalfa, which had been cut for the 
first crop on June 12, and for the second on July 12. Fumigation data for 
plot 2-13, which was treated on August 4, 7, and 10, are presented in table I. 
The data include the time and duration of the fumigations, air volumes and 
sulphur dioxide analyses, quantity and rate of absorption of the gas by the 


])lauts, and the extent of leaf destruction. 

Carbon dioxide exchange data for plot 2—13 and its check are presented 
in detail in figure 2, and in summarized form in table II. It will be noted 
that on August 2 and 3 the apparent assimilation of the two plots was nearly 
identical. The data on August 1 were incomplete. At 10:30 a.m. on 
August 4 plot 2-13 was fumigated for 12 minutes, the sulphur dioxide being 
8.5 p.p.m. at the intake and 4.0 p.p.m. at the outlet. At the first sign of 
injury to the leaves the fumigation was stopped. Actually 2.9 per cent, of 
the leaf area was destroyed. The effect of the treatment on photosynthesis 
was immediate, and during the hour following the fumigation the photosyn- 
thetic level fell to one third of its previous value; then the rate began to 
increase, but it was still subnormal at the end of the day. No e ect was evi 
dent on the respiration level the following night. The photosynt etic eve 
of the treated plot was 77 per cent, of the level of the check plot on Augimt 

5, and 87 per cent, on August 6. Recovery was J 

fact the photosynthetic activity of the treated plot exceeded that of the cheek 

about 10 per cent, on both August 7 and 8. 
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* Milligrams SO 2 absorbed per minute per 1000 gm. dry leaves. Allowance made for 10 per cent, absorption by cabinet and 
soil, and for 5 per cent, absorption by etems, in all calculations of ‘ ‘ rate of SO^ absorption ^ ^ in tables I, III, VI, IX, XII, XVI, 
XIX, and XXIII. 
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Fig. 2. Apparent assimilation and respiration of plots 2-12 and 2-13 (1933). Plot 
2-13 was fumigated on August 4, 7, and 10 with high concentrations of sulphur dioxide 
hut without causing extensive leaf destruction. The effect of the treatments on subs^uent 
photosynthesis is shown. 
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A 78-minute fumigation with 1.0 p.p.m. of sulphur dioxide at the intake 
and 0.7 p.p.m. at the outlet, commencing at 4 ; 50 p.m. on August 7, caused 
no leaf destruction and did not influence measurably the course of the 
carbon dioxide curves. 

Beginning at 11 a.m. on August 10 a 70-minute fumigation, with 1.9 
p.p.m. SO 2 at intake and 1.0 p.p.m. at outlet, was applied, destroying 14 per 
cent, of the leaf area. This treatment was somewhat more drastic than the 
August 4 fumigation. Table I indicates the absorption of 0.59 gm. of SO, 
as compared with 0.40 gm. on August 4, though the rate of absorption of the 
latter is much more rapid than the former. Apparent assimilation fell at 
once to 12 per cent, of its former value, and then began to rise in the second 
hour after the treatment. The level on August 11 was 81 per cent, of the 
check, but the experiment was unfortunately stopped before recovery from 
the treatment was complete. The curves on August 10 and 11 were quite 
similar to those on August 4 and 5, and it is probable that complete recovery 
would have occurred in about the same way as before, if the plots had not 
been harvested so soon, though the leaf destruction on August 10 would have 
delayed recovery slightly. Similar effects have been observed in a number 
of other experiments, and it appears certain that fumigations of the order 
of severity indicated, cause immediate interference with photosynthesis, fol- 
lowed by a rapid recovery of the function if only a small amount of leaf 
destruction has taken place. 

The decrease in net assimilation due to the fumigations represented 6.2 
per cent, of the yield of the check plot. Since only 76 per cent, of the net 
assimilation was converted into top growth, the calculated decrease in the 
latter due to the fumigations was 4.7 per cent. These values are somewhat 
low because recovery of the treated plot was not complete when the experi- 
ment was discontinued. They afford satisfactory confirmation, within the 
experimental errors involved, of the equation in an earlier paper (2, p, 234, 
equation 2) for two fumigations of a single crop producing an average of 
8.5 per cent, leaf destruction. Equation 2 indicates a reduction in yield of 
8.7 per cent., or if the origin of equation 2 is shifted to 100 per cent, the 
reduction would be 4.2 per cent. 

Chemical analyses of representative samples of the two plots before and 
after the experiment showed an increment in sulphur content of the plants, 
0.55 gm. greater in the case of the treated plot than the check, as compared 
with 0.605 gm. of sulphur added to the treated plot as shown by the gas 
analyses in table I. The 9 per cent, difference probably represented absorp- 
tion of sulphur dioxide by the walls of the plant chamber and the soil. 

II. Experiments at Logan, Utah 

Preliminary experiments with concentrations of less than 1 p.p.m. were 
carried out at the Salt Lake City laboratory in 1933 and 1934. In order to 
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Fummation data of plot 4 — ^1936 
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develop this phase of the problem in a place where sulphur dioxide would 
always be absent from the air, arrangements were made to work at the Agri- 
cultural College at Logan, Utah, during the seasons of 1935 and 1936. Nine 

20 by 20-foot plantings of one-year-old alfalfa, belonging to the Botany 
Department of the College, were available. The areas represented a 
number of varieties of alfalfa. All exhibited vigorous growth and were 
uniform in stand. It was possible to place two plant chambers on an 
area, one to be treated, the other to serve as a cheek, and to have additional 
comparable material growing outside the plant chambers under entirely 
natural conditions. 

C. Effect of a series of fumigations with 0.7 to 1.26 p.p.m. SO^. — 
Plots no. 3 and no. 4 were studied from July 15 to August 6, 1936. The 
alfalfa was Turkestan Selection no. 19,301. The fumigation data for 
plot 4 are presented in table IIT, which gives the time and duration of 
each treatment, together vith the concentrations of sulphur dioxide applied 
and the amount and rate of absorption of the sulphur dioxide by the 
vegetation. The effect of these treatments, as measured by the carbon 
dioxide exchange, is shown in figure 3, charts A and B, and also in table IV, 
which summarizes the relations of the fumigated and check plots, and gives 
the relative values of the photosynthetic levels before, daring, and after 
each fumigation. 

A fumigation of 2.83 hours, with 0.69 p.p.m. on the morning of July 

21 caused the photosynthetic activity to fall 18 per cent, during the time 
the gas was applied, but one hour after the fumigation was discontinued the 
activity was normal. A similar result was obtained on July 23. On July 
25 a fumigation of 1.07 hours, with 0.81 p.p.m. at 11 a.m., caused the 
photosynthetic activity to fall about 44 per cent, during the hour that the 
treatment w^as applied. About an hour thereafter the plot came back 
completely to normal. A similar treatment at noon on July 28 caused a 
lowering of photosynthesis of about 25 per cent. The afternoon hours 
following this treatment were very cloudy, and the photosynthetic levels 
of the two plots "were too low for differences to be significant. On the 
29th, a fumigation of 18 minutes with 0.90 p.p.m. of sulphur dioxide lowered 
the photosynthetic rate about 13 per cent, for one hour and thereafter the 
plot returned to normal. A similar result was obtained on July 31, with 
14-minutes application of 1.26 p.p.m. None of these treatments produced 
more than 1.0 per cent, of leaf destruction. 

In the evening of August 3, a 4-hour fumigation with 0.98 p.p.m. was 
applied from 7 to 11:13 p.m. While the gas was present, the rate of 
respiration of the treated plot was only 62 per cent, of the check. During 
the remainder of the night the ratio was 120 per cent., which was about 
the normal ratio for the respiration of plots 3 and 4. Respiration appeared 
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Fia, 3. Chart A, July 18-27, 1936, Apparent aesimilatiou and respiration of plots 
3 and 4 at Logan, Utah. The eurves f&ow the depressing effect on photosynthesis during 
the treatment of plot 4 of Semi short fumigations with 0.7 to 1.26 p.p.m. SOg, together 
with the rapid recoyery of a normal or greater than normal photosynthetic level when the 
treatmmt was diecontinhed. 
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to be depressed during the treatment, but became normal soon afterward. 
Conspicuous acute markings developed the next day. Acute leaf destruc- 
tion, measured from a small sample on August 5, was 12 per cent, of the 
total leaf area, and chlorotic markings were 14 per cent. At harvest on 
August 8, these values were 3 per cent, and 11 per cent., respectively. The 
rate of apparent assimilation was reduced 8 per cent, on August 4 and 5, 
and 3 per cent, on August 6 and 7, showing that interference with photo- 
synthesis paralleled leaf destruction, and showing also that recovery was 
practically complete in 4 days. 

Table IV shows that the apparent assimilation values of the two plots, 
which were equal during the pre-fumigation period from July 15 to July 
20, were not significantly different over the whole period of the experiments, 
although measurable reductions in the rate of apparent assimilation occurred 
during each of the fumigations. Table IV and figure 3 indicate a tendency 
for the photosynthetic level of the treated plot to rise above the level of 
the check plot during part of the afternoon following the treatment, and 
also on the following day, suggesting a compensating stimulation im- 
mediately following the fumigation. This tendency, though slight, is 
sufficient to offset practically all of the reductions due to the fumigations. 
The harvest weights of the two crops were not significantly different. 

A number of complete shoots were removed from the plots at intervals 
for chemical analyses. These shoots were taken at random from all parts 
of the plot through the 5 sample windows with which the fumigation cabi- 
nets were provided. All the samples were taken as nearly as possible at the 
same time of day so that they would be comparable in carbohydrate content. 
The leaves were immediately separated from the stems. When the plots 
were finally harvested, equal portions from each plot were cut simul- 
taneously to avoid differences in carbohydrate content of the leaves, and 
a complete separation of leaves and stems was made. Portions of these 
samples were analyzed immediately for chlorophyll by the method of Will- 
STATTEB and Stoll, modified by Schebtz (3), using Guthrie (1) am- 
moniacal copper sulphate-potassium dichromate solution as the working 
reference. The latter was standardized against preparations from known 
amounts of pure pigment. Chlorophyll data for leaves and stems are given 
in table V. They indicate that the fumigated plot remained practically 
constant in chlorophyll content throughout the period of the experiment, 
whereas the check plot increased a little in this constituent, while the plants 
growing outside of the plant chamber decreased slightly in chlorophyll. 
Evidently the slightly reduced amount of chlorophyll in the treated leaves 
as compared with the check leaves did not impair measurably their photo- 
synthetic activity. Variations of chlorophyll in the stems are without 
significance* 



Analyses or plots 3 and 4 poe sulphur and chlorophyll (dry basis)— 1936 
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TABLE VI 

Pumioatiok data or plot 12 — ^1936 
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Aiicilys6S of the leaves and the stems for total sulphur at harvest are also 
given in table V. It will be noted that the sulphur content of the fumi- 
gated leaves was about 0,8 per cent, as compared with 0.5 per cent, in the 
check leaves. The fumigated stems were also somewhat higher in sulphur 
than the check stems. When the total amount of sulphur in the system was 
calculated, it was found that there was an excess of 2.27 gm. of sulphur in 
plot 4 over plot 3. This is appreciably greater than the total weight of 
sulphur absorbed, 1.43 gm., as indicated by the gas analyses in table III. 
This discrepancy can be ascribed to the fact that plot 4 had been given an 
extensive fumigation in 1935, described below, which had enriched the roots 
and permitted additional sulphur nutrition on subsequent crops. This 
point will be referred to again. 

D. Effect of fumigations with approximately 0.6 p.p.m. — ^Plots 11 and 
12 of third-crop alfalfa were observed from August 5 to August 20, 1936. 
This variety of alfalfa is Province no. 34886. The alfalfa had been pre- 
viously cut on June 26 and July 27. The fumigation data of plot 12 are 
presented in table VI. Plot 12 received 3 fumigations, each of 4.2 hours 
duration, on the mornings of August 8, 9, and 10. The average intake con- 
centration was 0.573 p.p.m., the outlet 0.420 p.p.m., and the mean 0.497 p.p.m. 
Then following a rest period of 4 days, plot 12 was again fumigated on 3 suc- 
cessive mornings with 3 fumigations, each of 4.0 hours duration, with an in- 
take concentration of 0.627 p.p.m., the outlet 0.433 p.p.m., and the mean 0.530 
p.p.m. Both acute and chlorotic markings could be seen scattered generally 
over the plot. When the actual leaf areas destroyed were measured at 
harvest time, the amounts were 2.5 per cent. One small plant, stunted 
by bacterial wilt, had 50 per cent, acute markings. 

Curves of photosynthetic activity and respiration of plots 1 1 and 12 are 
presented in figure 4, charts A and B, and the carbon dioxide exchange 
data are summarized and compared in table VII. The treatments in every 
case reduced the photosynthetic activity of the treated plot during the time 
that the fumigation was in progress, but within 2 or 3 hours after the fumiga- 
tion was discontinued the plot was practically normal again in its activity. 
The average rate of assimilation on plot 12 during the progress of the first 
3 fumigations was 76 per cent, of the check, and 74 per cent, during the 
second 3 fumigations. Considering the 4 hours of the afternoons on these 
days, starting in each case about an hour after the fumigation had been 
discontinued, the average rate of photosynthesis on the treated plot was 98 
per cent, of the check in the first 3 fumigations, and 88 per cent, in the sec- 
ond 3 fumigations. During the 4-day rest period between the two series 
of fumigations, the rate of photosynthesis of plot 12 was 98 per cent, of 
plot 11, and during 3 days following the last treatment, 93 per cent, of the 
check. 
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6A.M 6 P.M. 6 A.M. 6 P.M. 

Fig. 4. Chart A, August 5-12, 1936. Apparent assimilation and respiration of plots 
11 and 12 at Logan, Utah. Plot 12 received six 4-hour fumigations with about 0.6 p.p.in. 
SOg on six mornings. The cui^ves show that photosynthesis on plot 12 is depressed during 
the treatment, but a rapid recovery occurs when the treatment is discontinued. 
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Balance sheet op carbon dioxide exchange and growth op alpalpa 
Plots 11 and 12 — ^1936 
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TABLE VIII 

Analyses oe plots 11 and 12 por sulphur and chlorophyll (dry basis) — 1936 
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Comparable alfalfa grown adjacent to and outside of plant chambers. 
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The reduction in the amount of net assimilation which can be ascribed 
to the first 3 treatments was 3 per cent, of the total net assimilation. The 
last 3 treatments increased this reduction to 10 per cent. The period of 
observation in these experiments was only 16 days. As the normal growth 
period of a crop of alfalfa is at least 30 to 36 days, these percentages should 
be reduced to about 1.5 and 5 per cent, respectively. The harvest weight 
of plot 12 was 86 per cent, of the yield of plot 11. This reduced yield 
was due in part to the fumigation treatments and in part to the fact 
that the density of the stand on the treated plot was less than on the check. 
This was indicated by the appearance of the plots, since plot 12 had a some- 
what less complete cover than plot 11, and also by the fact that there were 
5 per cent, fewer average sized stems on plot 12 than on plot 11. 

Chlorophyll and sulphur determinations on plots 11 and 12, similar to 
those described above for plots 3 and 4, are given in table VIII. Again, 
the check plot increased in chlorophyll content during the progress of the 
experiment a little more rapidly than the treated plot, but the differences 
are without practical significance. 

The sulphur analyses of the leaves and stems show an increment of 1.39 
gm. of sulphur in plot 12, which may be ascribed to the fumigation. This 
may be compared with a value of 1.57 gm. given by the air analyses in table 
VI. As the air analyses were not corrected for absorption by the fumiga- 
tion cabinet or the soil, the agreement between the two values is quite satis- 
factory. Neither of these plots had been fumigated previously. 

E, Effect of about 0.4 p.p.m. — ^Plots 9 and 10 were investigated from 
August 8 to 31, 1936. This variety of alfalfa is Turkestan no. 19315. The 
fumigation data for plot 9 are given in table IX. Plot 9 received 5 fumiga- 
tions, each of 4.2 hours duration, on 5 successive mornings, beginning be- 
tween 8 and 10 a.m., the average concentrations being 0.417 p.p.m. intake, 
0.231 p.p.m outlet, and 0.324 p.p.m. mean. Plot 10 was a check. Then 
following a rest period of 5 days, plot 9 was given another series of 5 fumiga- 
tions each of 4.2 hours duration on 5 successive mornings, the average intake 
concentration being 0.441 p.p.m., the average outlet concentration 0.237 
p.p.m., and the mean 0,339 p.p.m. These treatments possibly produced 
some slight acute marking!' and also some chlorotic markings; but at harvest 
time it was difficult to distinguish markings due to sulphur dioxide, and 
those due to other causes. There were 0.6 per cent, more discolorations on the 
fumigated plot than on the check plot. 

Carbon dioxide exchange data for plots 9 and 10 are given in figure 5, 
charts A and B, and are summarized in table X. The reduction in the 
rate of apparent assimilation during the time each fumigation was in prog- 
ress averaged about 9 p^r cent, during the first 5 treatments and about 14 
per cent, during the second 5 treatments. It is interesting to note that the 
net assimilation of plot 9 was 97 per cent, of the check plot for the 3 days 



TABLE IX 

Fcmigation data or plot 9 — 1936 
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6 A.M. 6 P.M. 6 A.M. 6 PM. 

Fia. 5. Chart A, August 10-21, 1936. Apparent assimilation and respiration of 
plots 9 and 10 at Logan, Utah. The effects of ten 4-hour fumigations on plot 9 with 0.44 
p.p.]n, SOji on ten mornings aie shown. 
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6 A.M. 6 P.M. 6 A.M. 

FlQ. 5. Chart B, August 22-Sl, 1936. 


6 P.M. 
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vested August 10) (grams) 485 478 

Top growth during experiment (grams) 939 965 

Top growth— percentage of total CO 2 assimilated 49.7 53.3 

Probable root increment (grams) 943 845 
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immediately preceding the first 5 fumigations. It was 101 per cent, of the 
check on the 5 days succeeding these fumigations, and 99 per cent, of the 
check in the period following the second 5 fumigations, again suggesting a 
stimulation of photosynthesis by sulphur dioxide at this exposure and di- 
lution. These increases in net assimilation largely counterbalance the re- 
ductions due to the fumigations, so that the total net assimilation of the 
treated plot for the period of the experiment was 96 per cent, of the check 
as compared with 97 per cent, in the period before fumigation treatments 
were started. This difference between the net assimilation values of the 
2 plots is probably without significance. The 1 per cent, difference between 
the actual yields of the plots at harvest time in favor of the fumigated plot 
certainly is without significance. 

Chlorophyll analyses on plots 9 and 10, given in table XI confirm the 
conclusions stated for the preceding plots, that there was no effect of prac- 
tical significance of these fumigations on the chlorophyll. 

The sulphur analyses in table XI show that there was an excess of 
sulphur in plot 9 over plot 10 of 2.73 gm., which can be attributed entirely 
to the fumigation treatments, since neither of these plots had been fumigated 
previously. This value compares favorably with the absorption value of 
3.02 gm, determined by air analyses, as indicated in table IX. The sulphur 
content of fumigated leaves was increased by these fumigations to double 
the content of the check leaves. 

F. Effect of a series of intermittent fumigations of about 0.3 p.p.m. 
— Plots 5 and 6 were under observation from August 24 to October 4, 1936. 
The variety of alfalfa was Turkestan no. 19303. This is the same pair of 
plots that was used in the second experiment in 1935, described later, and 
also in an earlier experiment in 1936. In each case, plot 6 was fumigated 
and plot 5 was the check. The first crop had been harvested on June 26, 
and the second crop on August 3. The fumigation data for plot 6 are given 
in table XII. Plot 6 was fumigated each morning from August 30 to Sep- 
tember 30, inclusive, except September 1 when it was not fumigated, 
and except for 4 other days when it was fumigated in the afternoon instead 
of in the morning. The plot thus received 31 fumigations, each of 4.25 
hours, totaling 132 hours. The average intake concentration was 0.348 
p.p.m., the average outlet concentration 0.228 p.p.m., and the mean 0.288 
p.p.m. In this experiment, in addition to observing the effect of the fumi- 
gation treatment, the plots were purposely allowed to go without irrigation 
water for 3 weeks in order to obesrve whether the addition of an unfavorable 
factor, such as drought, would have any effect upon the fumigation treat- 
ments, During the hot part of 3 days — September 17, 18, and 19 — ^both 
plots wilted perceptibly, the check plot suffering somewhat more at this time 
than the treated plot. Thereafter they were both watered adequately. As 
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Pig. 6. Chart A, August 26~September 4, 1936. Apparent assimilation and respira- 
tion of plots 5 and 6 at Logan, Utah. Plot 6 received 31 4-hour fumigations on 27 morn- 
ings and 4 afternoons, with about 0.35 p.p.m. SO,. In addition, water was purposely 
withheld from both plots from August 29 until September 19. Some temporary wilting 
occurred on September 17, 18, and 19. 
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6RM. 6 A.M. 

Fig. 6. Chart B, September 5-14, 1936. 


6 A.M. 


6PM. 
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6 A.M. 6 P.M. 6 A.M. 6 PM. 

Pro. 6. Chart 0, September 15-24, 1936. 
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a result of the drought, and some cold nights (minimum temperature 34® 
F.), a considerable amount of leaf discolouration and destruction appeared on 
both plots. Table XIII gives the observed leaf destruction. It will be 

TABLE XIII 

LEAT area on plots 5 AND 6 SHOWING DISCOLORATIONS PROM VARIOUS CAUSES 


Date 

(1936) 

Plot 5 (check) 

Plot 6 (fumigated) 

Bleached 

Chlorotic 

1 

Total 

Bleached 

Chlorotic 

Total 


% 

% 

% 

% 

% 

% 

September 8 


1 5.7 

5.7 

0.6 

5.9 

6.5 

‘‘ 19 


3.5 

3.5 

0.3 

2.5 

2.8 

28 

2.4 

1 4.8 

7.2 

0.9 

5.5 1 

6.4 

October 5 

1.0 

2.5 

3.5 

1.7 

1 1 

5.5 - 


seen that the two plots had nearly the same amounts of lesions. The 
markings in the fumigation cabinet could not be distinguished from those 
in the check. Nevertheless, the final measurements, which were the most 
reliable, show slightly higher values on the treated plot, and the differences 
could be attributed to the fumigations. 

The curves of carbon dioxide exchange are given in figure 6, charts A, 
B, C, and D, and the data are summarized in table XIV. The curves in 
figure 6 and table XIV show that from August 30 to September 16, and 
from September 20 to September 30, apparent assimilation and net assimila- 
tion were normal at all times, except the hours of actual fumigation, since 
the ratios of fumigated to check plots after the fumigations were not 
significantly different from the ratios before fumigation began. During 
the time that the fumigation was actually in progress, the rate of assimila- 
tion was reduced about 4 per cent, on August 30 and 31, and about 6 per 
cent, between September 2 and 16. This is from one-third to one-fifth of the 
amount that the assimilation of both plots was reduced by passing clouds 
on August 29, 30, 31, September 2, and September 3. During the remainder 
of each of these days the average assimilation, omitting the hour immed- 
iately following the fumigation, was 99 per cent, of the check, which was 
not a significant reduction. From September 17 until September 19 the 
treated plot was about 4 per cent, more active than the check in the morning 
while the sulphur dioxide was present ; and during the afternoon when the 
fumigation was discontinued, it was 7 per cent, more active than the check 
plot. This was possibly due to the fact that the check plot seemed to be 
suffering a little more from drought than the treated plot. It is interesting 
to note that relations between the fumigation and post-fumigation periods 
were relatively the same on these days as when the plots were adequately 
watered. On the afternoon of September 19, the plots were irrigated and 
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on subsequent days the eflEect of the fumigation again became perceptible, the 
reduction being about 7 per cent, iu the mornings but only 1 per cent, in the 
afternoons from September 20 to 30. During the final 4-day observation 
period, after all fumigation was discontinued, the two plots ^ally came to 
very close coincidence in their photosynthetic activity, the average value of 
the treated plot being 98 per cent, of the check during this period The re- 
duction in the amount of net assimilation on 28 days of treatment (not in- 
cluding September 17, 18, and 19) was 3.2 per cent, of the total net assimila- 
tion. As 16 per cent, of the latter was utilized for top growth, the estimated 
effect of these treatments on the yield of the crop was a reduction of 
about 0.5 per cent. The actual yields were practically identical. The 
drought certainly did not add to the effect of the fumigation treatment. 

The sulphur and chlorophyll analyses on plots 5 and 6 are summarized 
in table XV. The chlorophyll content of the leaves decreased gradually, 
plot 6 a little more than plot 5, but not so much as the alfalfa outside the 
plant chambers. These differences in the chlorophyll content of the leaves 
are probably without practical significance. 

It will be noted that the sulphur content of the leaves of plot 6 increased 
to about 1.7 per cent. The sulphur content of the upper leaves was always 
higher in plot 6 than that of the lower leaves, and the older upper leaves 
contained more sulphur than the younger upper leaves. In the check plot 
the lower leaves always had more sulphur than the upper leaves. The total 
excess of sulphur in plot 6 over plot 5, given by the analyses of plant tissue, 
is 7.44 gm. as compared with 5.91 gm. given by gas analyses in table XII. 
Again, this excess may be ascribed to an accumulation of this element from 
earlier fumigations. The amounts of sulphur present in the plant tissue on 
September 4 have been calculated, using an estimated value for the amount 
of plant substance present, which is based on comparable plants harvested 
on August 24 and on subsequent measurements of stem growth. When 
these sulphur values are subtracted from the total sulphur subsequently 
found, the excess of this element in plot 6 over plot 5 becomes 5.19 gm., as 
compared with 5.06 gm. determined by gas analyses. The latter value in- 
cludes half of the sulphur absorbed on September 4, because the plant 
samples of September 4 were taken in the middle of the fumigation period. 
The concordance between these values is very close, but it is likely that 
plot 6 was being supplied with sulphur from its roots a litttle more rapidly 
than plot 5, even in this period, because there is always some absorption by 
the cabinet and the soil. 

Effect of very long continuous fumigations with sulphur dioxide of low 
concentration on carbon dioxide exchange 

Three series of long continuous fumigations with different low concen- 
trations of sulphur dioxide — one of them lasting 45 days — were conducted 
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at Logan, Utah, in 1935, for the purpose of determining the maximum ef- 
fects such concentrations could have under the most drastic conditions of 
application. 

G. Effect of continuous fumigation at 0.24 p.p.m.— Plots 7 and 8 were 
under observation from September 12 to October 15, 1935. The variety 
of alfalfa in these plots was Utah Common. The fumigation data for plot 
8 are given in table XVI. The plot was fumigated continuously from Sep- 
tember 18 to October 10 — 528 hours, or about 22 days. The average intake 
concentration was 0.236 p.p.m., the average outlet was 0.113 p.p.m., and the 
mean was 0.175 p.p.m. 

The total daily values of apparent assimilation and respiration for plots 
7 and 8 are presented in figure 7, and the data are summarized in table 
XVII. Detailed carbon dioxide exchange curves are given in figure 8, 
charts A, B, and C. It will be noted that the treated plot was somewhat 
more vigorous than the check plot at the beginning of the experiment. Ac- 
cordingly, the ratios of the carbon dioxide values for the two plots have 
been adjusted to 100 per cent, for the period immediately preceding the 
fumigation treatment in order to facilitate the comparison of the two plots. 
During the first 3 days of the fumigation treatment, the rate of apparent 
assimilation of the treated plot was 1 per cent, less than the comparable 
rate before the beginning of the treatment. Then the rate fell to 97 per 
cent, of the check for the next 3 days, to 88 per cent, for 3 days, to 85 per cent, 
for 7 days, and during the last 6 days of the fumigation to 76 per cent. 
Finally, the activity rose to a level of about 81 per cent, of the check in the 
period following the fumigation. 

On the treated plot a few bleached markings were first noted 8 days 
after the fumigation commenced. It was also noted that the older primary 
leaves were becoming chlorotic. During the next 10 days no new acute 
markings were found, but many of the older leaves became more chlorotic, 
until they finally dried up and dropped off. The check plot was nearly 
free of this type of lesion. During the last 4 days of the fumigation, more 
acute markings were produced, being generally distributed over the plot. 
At harvest, plot 8 had 1.7 per cent, of acute markings and 7 per cent, of 
chlorotic markings. The older primary leaves had 12 per cent, of chlorotic 
markings. The leaves of the check plot had 6 per cent, of chlorotic dis- 
coloration, but no dead lesions. Weather conditions were doubtless respon- 
sible for the discolorations on the check plot and for about an equal amount 
of lesions on the treated plot, leaving only the acute markings and some of 
the chlorotic markings, particularly on the older leaves, to be ascribed to 
the fumigation. It will be observed in table XVII that at harvest time, 
October 16, the weight of functioning leaves on the check plot was 502 gm. 
as compared with 428 gm. on the treated plot. This reduction in the weight 
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Fig. 7, Total daily apparent assimilation and respiration of plots 7 and 8 at Logan, 
Utah (1935). Plot 8 was fumigated continuously from September 18 to October 10 (22 
days) with 0.235 p.p.m. SOa. 
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Fig. 8. Chart A, September 15-24, 1935. Apparent assimilation and respiration 
of plots 7 and 8 at Logan, Utah. Plot 8 was fumigated continuously from September 18 
to October 10 (22 days) with 0,235 p.p.m. SO,. 
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6 P.M. 




GPAM5 COz ABSOPBED PEG PEPIOD (64 MINUTES) 


THOMAS AND HILL : SUIiPHUB DIOXIDB AND PHOTOSYNTHESIS 853 



6A.M. 


6PM. 



TABLE XVII 

BAI.ANCE SHEET OP CARBON DIOXIDE EXCHANGE AND GROWTH OP ALFALFA 

Plots 7 and 8 — 1935 
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of functioning leaves, together with the greater amount of leaf area marked 
on the leaves that were left, and perhaps also their somewhat lowered 
chlorophyll content, indicated later, can account for the reduced photo- 
synthetic activity. The estimated reduction of apparent assimilation which 
can be ascribed to the fumigation treatment is 11 per cent, of the total ap- 
parent assimilation, or 16 per cent, of the total net assimilation. The latter 
is equivalent to a reduction in top growth of about 8 per cent., since in 
this experiment only one-third of the net assimilation was converted into 
top growth. Slightly more top growth was actually found on plot 8 than 
on plot 7, due perhaps to the more vigorous activity noted at the beginning 
of the experiment. 

Figure 7 and table XVII show a rather large and consistent difference 
in the rate of respiration of the two plots. This difference is also a notice- 
able feature of the two following 1935 experiments, whereas in the 1933 
and 1936 experiments the pairs of plots exhibited consistently close agree- 
ment. The reason for the differences in respiration noted in 1935 is not 
known. As pointed out in the previous paper ( 8 ) no account was taken 
in this work of ‘^soil respiration’^ though an appreciable and varying 
amount is known to exist. The plantings in 1935 were only one year old, 
and there is a possibility that the rate of ‘‘soil respiration” was different 
on the pairs of plots at that time, due perhaps to unequal amounts of unde- 
composed manure, but subsequently became equal. It may also be noted 
that in 1935, the remains of the preceding crop liad not been cleared off 
as thoroughly as in 1936, suggesting the possibility of unequal amounts of 
decomposition of organic matter on the surface of the soil in 1935. What- 
ever the cause of the differences, they were sufficiently consistent that they 
do not present serious difficulties in the interpretation of the photosynthetic 
data. 

Detailed sulphur and chlorophyll analyses were made on the leaves and 
stems on October 3, and at harvest, October 16 (table XVIII). The leaves 
were separated into three groups according to age. The sulphur content 
of the check leaves increased with age. On October 3 the intermediate 
leaves on the treated plot had the most sulphur, probably because the lower 
primary leaves were somewhat protected from the gas by the upper leaves 
which absorbed part of the sulphur dioxide and reduced the concentration 
of the gas which reached the lower leaves. By October 16 many of the 
lower leaves had been shed and the remaining primary leaves had the most 
sulphur. Both the primary and secondary leaves carried about 2 per cent, 
of sulphur, and the chlorophyll was appreciably lower than in the cor- 
responding check leaves. A sulphur content greater than 2.5 per cent, 
has never been observed. The tertiary leaves on the other hand with 1.3 
per cent, of sulphur were apparently normal in chlorophyll content. The 
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The maximum and minimum \alues in the horizontal lines of this table occurred in different fumigations and are, therefore, unrelated. 
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Fie. 9, Total daily apparent aaeiiuilation and respiration of plots 5 and 6 at liOgan, 
XJtali (1935). Plot '6 was fumigated continuously from August 26 to September 21 (26 
days) with 0.19 p.p.ki. SOj and continuously from September 25 to October 9 with 0.29 
p.p«m. SO,. 
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Fia. 10. Ohart A, August 23-Septemb<3r 1, 1935. Apparent assimilation and respira- 
tion of plots 5 and 6 at Logan, Utah. Plot 6 was fumigated continuously from August 
26 to September 21 (26 days) with 0.19 p.p.m. SOj and continuously from Septomber 25 
to October 9 with 0.29 p.p.m. SO> 
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Fig. 10. Cliart B, September 2-11, 1935. 


6 P.M. 
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Pig. 10. Chart B, October 2-11, 1936. 


6 P.M. 
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excess of sulphur in the plant tissue of plot 8 over plot 7 was 6.90 gm,, as 
compared with 8.3 gm. absorbed as determined by gas analyses. 

H. Effect op a continuous fumigation op about 0.2 p.p.m. for about 
26 DAYS followed by a continuous fumigation op about 0,3 p.p.m. for 
about 14 DAYS. — ^Plots 5 and 6 were under observation from August 21 to 
October 15, 1935. These are the same 2 plots as are described earlier in 
connection with the fourth 1936 experiment, in which they were given the 
same plot numbers. The fumigation data are summarized in table XIX. 
The plot was fumigated continuously from August 26 to September 21 — 
628 hours or about 26 days — ^with an average intake concentration of 0.188 
p.p.m. of SO 2 , an average outlet concentration of 0.083 p.p.m., and a mean 
concentration of 0.136 p.p.m. Then following a rest period of 4 days, the 
fumigation was resumed from September 25 to October 9 — 336 hours or about 
14 days — ^with an average intake concentration of 0.291 p.p.m., an average 
outlet of 0.145 p.p.m., and a mean of 0.218 p.p.m. 

The total daily apparent assimilation and respiration of the 2 plots are 
presented in figure 9, and the data are summarized in table XX. Detailed 
curves of carbon dioxide exchange are given in figure 10 charts A, B, C, D, 
and E. As the treated plot exhibited a lower rate of apparent assimilation, 
and a higher rate of respiration, before the fumigation treatment w'as ap- 
plied, the values of the ratios have again been adjusted to facilitate the com- 
parison of the 2 plots. It will be noted that the fumigation caused no re- 
duction in the rate of photosynthesis during the first 11 days. There was 
actually an increase of about 1 per cent, in the net assimilation. Then the 
apparent assimilation level fell to 89 per cent, of the check for 3 days, then 
rose to 95 per cent, for the next 8 days, and finally fell to 90 per cent, during 
the last 4 days of the first fumigation treatment. During the rest period 
the level of apparent assimilation rose to 95 per cent, of the check. With 
the administration of the higher concentration, the level of the treated 
plot gradually fell until finally it was 73 per cent, of the check. After the 
fumigation was finally discontinued the photosynthetic level of the treated 
plot rose to about 79 per cent, of the check. 

During the first fumigation period only a few markings were observed 
on the treated plot, and these were largely confined to the older leaves, which 
seemed to become yellow and drop off somewhat earlier than on the check 
plot. After the fumigation was resumed at the higher concentration, how- 
ever, acute and chlorotic markings were conspicuous on the treated plot and 
they became progressively more numerous as the fumigation progressed. 
At harvest all of the leaves were separated from the stems and the leaves 
were collected into 3 groups, according to age, as primary, secondary, and 
tertiary. The oldest leaves on plot 6 had 2.4 per cent, acute markings and 
12.4 per cent of chlorotic markings. The average values for the plot were 
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1,2 per cent, of acute, and 5,5 per cent, of chlorotic markings. The latter 
were partly weather discolorations, because plot 5 had about 2 per cent, of 
the same type, but no bleached discolorations. The amount of marked leaf 
area remaining on the plants at harvest time is insufficient to account for 
the observed reduction of about 21 per cent, in the final rate of assimilation. 
Table XX indicates that there were only 511 gm. of functioning leaves on 
the treated plot at harvest, as compared with 597 gm. on the check plot. As 
the weights of stems on the two plots were more nearly equal, the difference 
between the weights of the leaves probably represents largely leaves that were 
shed. The reduced amount of functioning leaves with their discolorations 
and lowered chlorophyll content (table XXI) accounts for the reduced rate 
of assimilation. 

Table XX indicates that during the first fumigation, the rate of net as- 
similation was reduced an average of 4 per cent., and during the second fumi- 
gation 21 per cent. The total reduction for the whole experiment was 10 
per cent. 

Sulphur and chlorophyll analyses are presented in table XXL The 
values and relations of these constituents are quite similar to those of the 
preceding experiment. A smaller portion (9.79 out of 17.74 gm., tables 
XXI and XIX) of the total sulphur absorbed in plot 6 was accounted for 
by these analyses than was accounted for in plot 8. This is probably due 
to the fact that the fumigation of plot 6 was more protracted than that of 
plot 8. Some of the absorbed sulphur evidently went into the roots, because 
in the 1936 experiments, more sulphur was accounted for than was added 
later. It seems worth while to tabulate the sulphur balance on this crop 
and the three 1936 crops. This has been done in table XXII, which also 
includes the analyses of the roots which were dug up in a dormant condition 
in February, 1937. The air analyses show that in three fumigation experi- 
ments, in 1935 and 1936, 24.62 gm. of sulphur were added to plot 6 as 
sulphur dioxide. The analyses of the plant tissue from the fumigated crops 
in 1935 and 1936, plus that of the first crop of 1936 which was not fumi- 
gated, indicate that plot 6 had 21.59 gm. of sulphur more than plot 5. Each 
crop on plot 6 in 1936 returned some of the sulphur that was unaccounted 
for in 1935. There had evidently been a translocation in 1935 of a con- 
siderable portion of the added sulphur to the roots. There was still an ex- 
cess of 0.36 gm. in the roots of plot 6 at the end of the 1936 season. The 
sulphur finally unaccounted for represents 12 per cent, of the total amount of 
sulphur dioxide added. This is about the same as the percentage unac- 
counted for in the other experiments in this paper, which were not com- 
licated by previous fumigations. The soil contained 5.3 p.p.m. of sulphur 
as soluble sulphate in plot 5 and 5.1 p.p.m. in plot 6. No significant dif- 
ference could be detected between soil of the two plots, even in the surface 
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Analyses op plots 5 and 6 pok sulphur and chlorophyll — 1935 
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* Comparable alfalfa grown adjacent to and outside of plant chambers, 
a Estu^ted. 
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table XXII 

Balance sheet op sulphur in plot 6 (fumigated in 1935 and 1936) as compared with 

PLOT 6 (CHECK) 


Date OP 
harvest 

Plant tissue 

SO. ADDED TO 
PLOT 6 (GAS 

analysis) 

(8) 

Total sulphur (S) in 

TISSUE 

Excess of 
SULPHUR 

IN plot 6 
over plot 

5, MINUS 
SULPHUR 
ADDED AS 

SO, 

Plot 5 

Plot 6 

Differ- 

ence 



gm. 

gi». 

gm. 

gm. 

gm. 

October 15, 1935 

Third crop 

1 17.74 

4.82 

14.61 

9.79 

-7.95 

June 26, 1936 

First crop 

None 

6.22 

7.50 

1.28 

+ 1.28 

August 3, 1^6 

1 Second crop 

0.97 

5.47 

8.19 

2.72 

' -f 1.75 

October 15, 1936 

1 Third crop 

5,91 

4.30 

11.74 

7.44 

*1- 1.53 

February 7, 1937 

Roots 


, 5.58 i 

5.94 1 

0.36 

+ 0.36 

Totals 

1 

24.62 

1 26.39 

47.98 1 

21.59 

1 -3.03 


inch. In preparing the roots for analysis, they were 'washed with distilled 
water. Soil, approximately equal in weight to the roots, was thus removed. 
This adhering soil from each plot contained 74 p.p.m. of sulphur as sulphate, 
which represents about 14 times as much soluble sulphate in the soil clinging 
to the roots as in the average soil of the plot. This suggests a passage out- 
ward of the sulphate from the roots to soil. 

I. Effect of a continuous fumigation op 0.14 p.p.m. for about 45 days. 
— ^Plots 3 and 4 were under observation from July 16 to September 5, 1935. 
These were the same plots that were described above in connection with a 
1936 experiment. The fumigation data for plot 4 are summarized in table 
XXIII. The plot was given a continuous treatment with sulphur dioxide 
from July 20 to September 3 — 1078 hours or about 45 days. The average 
intake concentration was 0.141 p.p.m. and the average outlet concentration 
0.050 p.p.m., or a mean of 0.095 p.p.m. 

The total daily values of the apparent assimilation and respiration on 
these plots are presented in figure 11, and are summarized in table XXIV. 
The detailed daily charts for this experiment are given in figure 12 charts 
A, B, C, D, and E. The curves of photosynthesis indicate that plot 4 was 
somewhat less active than plot 3 before the fumigation treatment started, 
|ind again the ratios have been adjusted to facilitate comparison. In this 
case the initial fumigation period was used as reference, because two days 
in the prefumigation period, July 18 and 19, had almost as high an assimila- 
tion rate as obtained after July 21. The machines did not operate smoothly 
on July 20, and the differences noted on that date are probably too great. 
Burint the first 8 days of the fumigation, the rate of apparent assimilation 
of the t|?eated plot was somewhat greater in relation to the check plot than 


TABLE XXIII 

Fumigation data op puxt 4 — 1935 
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iFia. 11. Total ^aily appaareat as^milation and respiration of plots 3 and 4 at Logan, 
Utah (1935). Plot 4 waa fumigated continuously from July 20 to September 3 (45 days) 
•with 0.14 p.pjn. SO*. 
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Fio. 12. CSiart A, July 18-27, 1935. Apparent asBimilation and respiration of plots 
3 and 4 at Logan, Utah. Plot 4 was fumigated continuously from July 20 to September 
3 (46 days) with 0.14 p.p.m. SO,. 









GI?AM5 COi ABSOPBED PEP PERIOD fG4 MINUTES) 


372 


PliANT PHYSIOLOGY 



6 A.M. 6 PM. 6 A.M. 


Fig. 12. Chart B, Jnly 28-AuguBt 6, 1935. 


6 P.M. 
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6 A.M. 6PM. 6A.K1. 6 PM. 


Fia. 12. Chart C, August 7-16, 1935. 
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GP.M. GA.M. 


Fio. 12. CSiart D, August 17-26, 1935. 


GA.M 


GP.M. 
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Fio. 12. Cbart £, August 27-SeptembeT 5, 1935. 
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it had been before the fumigation started. Then for 8 days the rate of ap- 
parent assimilation of the treated plot fell off about 7 per cent, owing, we be- 
lieve, to failure of irrigation water to penetrate the plot. During this period 
the treated plot seemed to have a yellowish appearance, as noted by several 
observers, and it was estimated that its color was about 10 per cent, more 
yellow than the check plot. After a heavy irrigation of the plots on August 
3, the color of plot 4 seemed to improve, so that a few days later no differ- 
ences could be observed. After August 6, the curves of apparent assimila- 
tion showed an increase of 2 per cent., and the net assimilation an increase 
of 6 per cent, and 8 per cent., suggesting a stimulation of photosynthesis by 
the sulphur dioxide treatment. During the last 6 days of the fumigation, 
owing possibly to an increased concentration of sulphur dioxide, which aver- 
aged about 0.17 p.p.m. during this period, the apparent assimilation of the 
treated plot fell off 4 per cent., and the net assimilation receded ta normal. 
Finally, after the fumigation was discontinued, the curve of apparent as- 
similation of the fumigated plot for 2 days before the plots were harvested 
was 98 per cent, of the check, while the net assimilation was 107 per cent, of 
the check. It should be noted that the total amount of respiration of plot 
4 was 26 per cent, greater than that of plot 3, but the difference decreased 
as the experiment proceeded. This circumstance favors, perhaps unduly, 
the treated plot in the adjusted ratios of the net assimilation. This differ- 
ence of respiration may have been caused by a difference in ^ ‘ soil respiration ’ * 
of the two plots already referred to. 

This detailed record of the carbon dioxide exchange, together with the 
yield data, would seem to be conclusive evidence that this prolonged fumiga- 
tion at this low concentration produced no deleterious effect upon the growth 
of alfalfa, and for about half the time a definite stimulation is suggested. 
The reduced rate of assimilation which was indicated during the last 6 days 
of the fumigation represents a decrease of only 1 per cent, of the total 
assimilation of the treated plot over the period of the experiment. 

Sulphur and chlorophyll data are presented in table XXV. The 
amounts of chlorophyll were nearly identical in plots 3 and 4 after August 
6. Unfortunately, preparations had not been made earlier to carry out 
these analyses when differences possibly may have existed. The sulphur 
determinations showed a regular increase in the sulphur content of the leaves 
and stems of plot 4, but the maximum amount found in the leaves was 1.52 
per cent., which was insufficient to interfere with the functions of the leaf. 
Table XXIII indicates that 30.94 gm. of sulphur dioxide w^re absorbed from 
the air, equivalent to 15.47 gm. of sulphur. Only 6.937 gm. of this amount 
was recovered in the plant tissue (table XXV). As was noted above, part 
of this sulphur appeared on the second 1936 crop, when more sulphur was 
found in the top growth than was added by the fumigation treatments. 
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Evidently there was some translocation of the sulphur to the roots in this 
1935 experiment. 

Finally, it may be pointed out that the '‘rate of absorption” of sulphur 
dioxide in this series of experiments, as shown in the tables of fumigation 
data, is a valuable index to the effectiveness of the treatments in affecting 
photosynthesis. There is a gradual lowering of this rate of sulphur dioxide 
absorption in the series, until in the last experiment, the gas could be oxi- 
dized as rapidly as it was absorbed, so that it had no effect in reducing photo- 
synthesis over a very protracted period. 

Discussion 

The experiments described in this paper were undertaken primarily to 
find out if concentrations of sulphur dioxide which did not produce any 
visible injury to the plant, whether applied as high concentrations of short 
duration, as low intermittent concentrations, or as continuous fumigations 
throughout the life of the plant, nevertheless could cause injury to the proto- 
plasm or to any plant structure. In other words, it was the purpose to find 
out whether "invisible injury” really existed and, if it did exist, how far- 
reaching an effect it could have. 

The experiments have shown definitely that sulphur dioxide can produce 
reductions — ^the amount depending on the intensity of the fumigation — ^in 
the rate of photosynthesis during the actual duration of the fumigations, 
and sometimes for a number of hours thereafter, particularly in cases in 
which considerable sulphur dioxide previously has been absorbed, without 
producing any visible effect on the leaves. As soon as the fumigations were 
over, however, the rate of photosynthesis returned more or less quickly to 
normal. The effect upon photosynthesis is not dissimilar to that produced 
by a passing cloud, except that the cloud shadow usually produces an effect 
several times larger. The return to normal is frequently as rapid as the 
return after a cloud passes. Though there is a reduction in rate in both 
cases, the complete return afterward is definite indication that no injury has 
occurred in either case. Since the rate of photosynthesis is so delicate a 
yardstick, capable of registering in a definite way even the slightest effect 
upon any of the functions of the plant, it is hard to conceive of any injury 
which would not b<' clearly refiected by a more or less permanent change in 
the photosynthetic level. 

Though the attempt has been made many times, and in many ways, to 
apply sulphur dioxide to plants in such a manner as to reduce the yield of 
the crop without producing visible injury, this has not been accomplished 
in any of our experiments. Further confirmation for wheat was shown by 
Swain and Johnson (4), who found no interference with reproduction 
processes and no reduction in the yield of that grain, as a result of fumiga- 
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tions with sulphur dioxide for several hours daily in concentrations too low to 
cause visible markings. 

Many toxic substances are known to produce a stimulation in plant ac- 
tivity when applied in subtoxic quantities. Sulphur dioxide seems to be no 
exception to this rule. In addition, sulphur dioxide is rapidly oxidized to 
the sulphate form by the plant, which is the form in which plants use 
sulphur in their nutrition. 

Just what percentage of sulphur in plant tissues is optimum for plant 
growth has not been determined. These experiments have shown that it can 
vary through a wide range, certainly from 0.5 per cent, to 1.5 per cent, in 
alfalfa leaves, without affecting the photosynthetic level. As 2 per cent, 
sulphur is approached, alfalfa leaves begin to show chlorotic markings, 
which rapidly increase as the percentage of sulphur increases. 

Summary 

1. Nine fumigation experiments with alfalfa plots and their correspond- 
ing checks are described, in which the treatments range from fumigations 
which produced almost complete foliar destruction, to long-continued sub- 
lethal dosages of the gas. The effects of the treatments have been deter- 
mined by measuring the rate of photosynthesis and respiration of the plot 
in comparison with a similar check plot extending for a period from several 
days before the fumigations were started to several days after they were 
discontinued. Yield data confirm the carbon dioxide exchange data. The 
observations on the effects of the fumigations on the plants have been sup- 
plemented by chemical analyses of the leaves and stems for sulphur and 
chlorophyll. 

2. Extensive foliar destruction of alfalfa by a sulphur dioxide fumiga- 
tion is followed by a rather rapid growth of new leaves and a corresponding 
re-establishment of photosynthetic activity. In one experiment the latter 
was restored to about 75 per cent, of normal in 9 days following a fumiga- 
tion which caused 90 to 95 per cent, of leaf destruction. In another similar 
experiment 65 per cent, recovery of photosynthesis occurred in 10 days, and 
80 per cent, in 15 days. 

3. Short fumigations with high concentrations of sulphur dioxide which 
were discontinued before an appreciable amount of leaf destruction was pro- 
duced, caused large reductions in the rate of photosynthesis during the 
fumigation, but the photosynthesis began to increase within an hour after 
the treatment. The effect of such fumigations could be observed in a some- 
what lowered rate of apparent assimilation for about 2 days after the treat- 
ment. Thereafter the rate was normal or greater than normal. The effect 
of two such treatments on the yield of a single crop of alfalfa, as calculated 
from the carbon dioxide exchange data, agrees with the decrease in yield 
calculated from a yield-leaf destruction equation previously published. 
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4. A number of short fumigations, with concentrations rangii^ from 0.7 
to 1.26 p.p.m., each caused a definite decrease in the photosynthetie level; 
but immediately thereafter the activity rose to a normal or greater 
than normal level, so that when the total assimilation was calculated the de- 
creased assimilation that had occurred during the fumigation was largely 
counterbalanced by increased assimilation after the fumigation was discon- 
tinued. The net effect of the fumigations was, therefore, practically zero. 
The results suggest tliat subsequent to such fumigations there was a slight 
stimulation of assimilation. 

5. A plot was fumigated for 4 hours on each of 3 successive mornings 
with about 0.6 p.p.m. After several days this treatment was repeated. 
During the time each fumigation 'was in progress the assimilation level fell 
to about 75 per cent, of the check, but returned practically to normal in the 
afternoon. The 6 fumigations caused a decrease in net assimilation of about 
10 per cent, of the total assimilation during the 16 days of observation or 
about 5 per cent, of the net assimilation of a full-crop period. 

6. Another plot was fumigated on 5 successive mornings with about 0.43 
p.p.m. Then after 5 days this treatment was rei>eated. During each of 
these fumigations the average level of apparent assimilation was reduced to 
88 per cent, of the cheek, but the level returned to a normal or greater than 
normal level as soon as the fumigation was discontinued. Again, the re- 
duced rate of apparent assimilation during the fumigation periods was 
largely counterbalanced by increased assimilation subsequent to the fumiga- 
tions, so that a significant reduction in the total amount of assimilation dur- 
ing the experiment probably did not occur. 

7. A plot was fumigated on 31 days, 27 of them in the morning, with 
0.35 p.p.m. for 4,25 hours each day. In addition to the fumigation treat- 
ments, water was withheld from the plots for 3 weeks so that at the end of 
this period temporarj^ wilting occurred on both plots during the hot part of 
3 days. The average effect of these fumigations was to reduce the assimila- 
tion level about 6 per cent, during the progress of the fumigation, but im- 
mediately after the fumigation was discontinued the assimilation level prac- 
tically returned to normal. The drought did not modify the effect of the 
fumigation, as shown by the relative photosynthetie activity of the two plots 
in the morning and afternoon hours, even on the three days when wilting 
occurred. 

8. Three long continuous fumigations in 1935 showed that no effect of 
the fumigation occurred with 0.24 p.p.m. for about 3 days, with 0.19 p.p.m. 
for 11 days, and with 0.14 p.p.m. for at least 39 days. The data even sug- 
gest a slight stimulation of apparent assimilation during these periods. The 
continued application of the higher concentrations caused a gradual reduc- 
tion in the photosynthetie level of the treated plot, with attendant visible 
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markings of the leaves and premature shedding of the older leaves. The 
reduced rates of photosynthesis were paralleled by reduced amounts of func- 
tioning leaf tissue. 

9. Chlorophyll analyses in these experiments sliowed a definite tendency 
for the longer fumigations to reduce slightly the chlorophyll content in com- 
parison with that of the check plot, but comparable alfalfa growing outside 
of the plant chambers usually had less chlorophyll than the treated plot. 
The reduction in the chlorophyll content of the treated plots was probably 
without practical significance in every case, except the 2 long-continued 1935 
fumigations with the higher concentrations of sulphur dioxide, which pro- 
duced appreciable visible markings. The chlorophyll content of the plot 
which received 0.14 p.p.m. continuously was normal. 

10. The sulphur analyses of the leaves and stems account for about 90 
per cent, of the sulphur dioxide added in the short fumigations. The re- 
mainder was probably absorbed on the walls of the plant chamber and in 
the soil. The continuous fumigations of 1935 exhibited a large deficit of 
sulphur in the plant tissue as compared with the sulphur dioxide added. 
It was shown that most of this deficit in one experiment was transferred to 
the roots and could be accounted for in the crops of 1936. 

11. Absorption by the soil was too slight to be determined analytically. 
Fourteen times as much sulphate w'as found in the soil adhering to the roots 
as in the soil mass, suggesting a passage outward of sulphate from the roots 
to the soil. 

12. The rate of absorption of the gas by the leaves decreased in this series 
of fumigations along with decreasing effects on photosynthesis of the fumi- 
gation treatments. 

13. Leaf analyses showed large increments of sulphur in the protracted 
fmnigations. When the sulphur content of the leaf approached 2 per cent., 
the leaf became chlorotic and soon ceased to function. At about 1.5 per cent, 
to 1.7 per cent, or less, the leaf appeared to be normal. 

14. The complete return to its normal level of photosynthesis, following 
fumigations which did not produce visible injury, would indicate that in 
such fumigations there is no “invisible injury,” either to the protoplasm or 
other plant structure. 
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INFLUENCE OP WEAK ELECTRIC CURRENTS UPON THE 
GROWTH OF THE COLBOPTILE 

N, G, Cholodny akd E. Ch. Sankewitsch 
(with three figures) 

Introduction 

Among the numerous contributions to the electrophysiology of the plant 
there were until lately no investigations which dealt with the problem of 
the relation between bioelectrical phenomena and growth, the main reason 
being the absence of a satisfactory theory. The purely empirical data, which 
have been obtained by various authors, could not attract the attention of 
physiologists to this problem. Interest in electrophysiological investiga- 
tions of growth has increased lately, since the studies of the growth hormone 
have thrown a new light upon this phenomenon. The first stimulus in this 
direction was given as a result of the ideas developed by one of the writers 
(3) on the effect of electrophysiological polarization upon the translocation 
of the growth hormone in organs of higher plants. When one compares 
the data of Bose, Brauner, Waller, and other physiologists on the effect 
of geo- and photoinduction on changes in the electric potentials of various 
parts of the plant organism, it is easy to notice that growth is always taking 
place in such a way that the concentration of the growth hormone increases 
in the positively charged regions and diminishes in those regions where, 
according to electrometric observations, the plant has a negative charge. On 
the basis of this comparison the conclusion can be drawn that in organs, 
which are subjected to the influence of photo- and geoinduction, the growth 
hormone is transferred in the direction of the increasing potential. 

Tn further development of this idea Went (12) has made the assump- 
tion that, in general, the translocation of the growth hormone, in organs of 
the plant from places where it is produced to the growing zone and beyond, 
depends on the distribution of the electrical potential. Went showed that 
the basic dyes diffuse in sections of the stalk of Impatiens ialsamina in the 
direction of the apex, while the acid dyes diffuse toward the basal part, 
which, according to Went, always has a positive charge. Auxin, as deter- 
mined by KoQh ( 8 ), is an acid. Therefore Went considers that the anion 
of this acid, ’which is its physiologically active part, must move in the stalk 
in the same direction as the acid dyes do, i.e., from the apex to the base. 
However, one does not find in Went’s w^ork any experiments which would 
directly confirm this assumption about the translocation of the growth 
hormone. 


3S5 
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In 1933, K5 gl (8) described experiments which were based on the ob- 
servation that in various hours of the day the decapitated coleoptiles of oats 
react to the same dose of auxin by curvatures of different intensity (when 
the experiments were carried out according to the method of Went, 11). 
Searching for the cause of this phenomenon Kogl came to the idea that the 
effect of atmospheric electricity, namely, the ionization of the air, might be 
the cause of these differences. This idea seems to be confirmed by the fact 
that when coleoptiles are placed in zinc or tin containers they show a con- 
siderably greater ** sensitivity” and the fluctuations in the intensity of the 
curvatures during the day are far less than in cases where the experiments 
are carried out in the ordinary way. On the assumption that the cause 
of the observed changes in sensitivity of the coleoptiles is the passing over 
the plant of an electric current of very low intensity, Kogl carried out the 
following experiments. A very weak electric current of approximately 
0.0008 milliampere was passed through decapitated coleoptiles of oats, to one 
side of which there was attached a small cube of agar-agar containing auxin. 
One of the electrodes — ^a moistened silk thread — was attached to the agar 
cube, while the other electrode was connected with the basal portion of the 
coleoptile. The results of this experiment showed that when the agar cube 
was connected with the negative pole, the coleoptiles reacted to the same 
quantity of growth hormone by more vigorous bending than wlien the cube 
was connected with the positive pole. The ratio between the intensities of 
the cuvatures was 12 : 1. Kogl explained these results by Went’s scheme, 
assuming that in case of the first contact ‘‘the transport of the physiolog- 
ically active auxin anions to the base of the coleoptile is accelerated,” while 
in the other case it is retarded. 

In 1934 Koch (7), of Guttenbebg’s laboratory, published a paper, in 
which a whole chapter is devoted to the problem of translocation of the 
growth hormone in coleoptiles of oats and also in the hypocotyls and roots 
of sunflower and some other plants placed in the electric field, when an 
electric current passed through these organs. The starting point of the 
first group of experiments of this author were the investigations of Brauner 
and banning (2), which showed that the coleoptiles of oats bend toward 
the negative pole when placed in an electric field of high intensity, between 
two metallic plates attached to the poles of a battery. On the other hand, 
the root of the broad bean {Vida faba) under the same conditions bends 
in the opposite direction. The authors explain this phenomenon as being 
due to the deviation of the growth hormone flow in the direction of that 
part of the organ, which became positively charged due to induction. 
Hartmann ( 6 ) repeated these experiments, but obtained different results. 
On the basis of this work the author came to the conclusion that the influence 
of the electric field upon the growth of the plant is a more complicated 
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phenomenon and that it cannot be explained by the translocation of the 
growth hormone to the positively charged side of the organ. 

Koch attempted to clear up this contradiction, but unfortunately he 
carried out his experiments in such a way that they cannot be compared 
with the Brauner-Bunning and the Hartmann experiments. Instead of 
placing the plant between the electrodes in atmospheric air, as previous 
authors did, he immersed them in water into which there were also immersed 
the electrodes in the form of platinum plates attached to the poles of a flash- 
light battery, which gave a current of 0.2 ampere at a tension of 4.4 volts. 
It is clear that under such conditions Koch’s ‘‘electric field” created not 
an induction of + and - charges on the opposite ends of the plant organism, 
but the passage through it of a current of unknown strength, but which was 
loss than 0.2 ampere. Kocn assumes that the phenomenon of induction 
should take place in the eoleoptile of oats even when it is immersed in water, 
since the cuticle of this organ, according to the author, acts as an insulator. 
The experiments, however, show that the cuticle of the coleoptile as well as of 
other plant organs, especially in the wet state, exercises a very small re- 
sistance to the electric current. Therefore, under the conditions of Koch’s 
experiments, the current was passing in the plant in the same direction as 
in the surrounding water. 

Of much greater interest are Kocii’s experiments in which he is trying to 
determine whether the growth hormone of oats, under the influence of an 
electric current, really moves in agar-agar to the positive pole, as it should, 
according to Went's theory of polarization. Koch placed a certain 
quantity of coleoptile tips on an agar plate which was 1-1.5 cm. in length 
and 0.5 cm. in width. At the sides of this plate he placed platinum elec- 
trodes and passed a current from a flashlight battery (4.4 volts). Then 
the author cut out cubes from various parts of the plate, put them uni- 
laterally upon the decapitated coleoptiles of oats and after a definite period 
measured the curvatures of the coleoptiles. The greatest curvatures were 
formed when cubes which were cut out near the positive pole were used. 
Cubes taken from the opposite part of the agar plate (at the negative pole) 
did not cause any bending. On the basis of these results the author con- 
cludes that under the influence of the electric current the growth substance 
moves in agar toward the positive pole. 

It is easy to show, however, that these experiments are not definite. 
When an electric current passes through an agar plate the phenomenon of 
electrolysis is undoubtedly taking place in it and this causes the accumula- 
tion of the products of hydrolysis at the electrodes in the agar plate. Basic 
products of electrolysis at the negative pole, uniting with the growth hor- 
mone which is an acid, will transform it into an inactive state of a salt. It 
is, therefore, not known to what the results of Koch’s experiments have to 
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be ascribed; whether to the translocation of the hormone to the positive 
electrode, to its inactivation at negative electrode, or to the combined 
activity of these two factors. 

The third series of Koch’s experiments likewise is not very convincing. 
These were carried out on young hypocotyls of Helianthus and Lupinus, 
The author inserted the positive electrode into the side of the upper part 
of the hypocotyl to a depth of about 1 mm.; the negative electrode was 
inserted into the opposite side of the hypocoty], 2 cm. lower than the positive 
one. An electric current from a flashlight battery was passed through the 
organ for 30 minutes. Two hours later definite curvatures had formed in 
the direction away from the positive pole. This phenomenon, according to 
Koch, shows that the growth substance is attracted by the positive pole and 
thus an acceleration of growth on this side takes place. This conclusion, 
however, cannot be considered as established either. The cause of the 
acceleration of growth might have been a simple increase in acidity at the 
positive electrode due to electrolysis. Strugger (10), for instance, has 
shown recently that it is possible to accelerate the growth of cells at the 
growing zone (hypocotyl of the sunflower) with the aid of acid solutions 
of a definite pH. His results have been partially confirmed by Bonner (1), 
who considers that the acceleration of growth, by increasing the acidity, 
results from an activation of the growth hormone reserves ; the inactive salt 
is changed to the active form of a free acid. Therefore, Kocn’s experiments 
do not seem to prove the translocation of a growth hormone in the hypocotyl 
tissue to the positive pole. 

Finally the work of Ramsiiorn, of Ruhland’s laboratory, has to be men- 
tioned. In his electrophysiological investigations this author applied more 
perfect methods than Koch and used electrodes which did not polarize. By 
determining the diflference in Ijie electric potentials between various points 
of the root, stalk, and leaves of young seedlings of the sunflower, oats, bean, 
and other plants with the aid of a quadrant electrometer, he showed that 
the curves of the electric potential distribution are very much like the 
curves of the rate of growth of various zones of these organs. The zones 
which show a more rapid growth are always electropositive as compared to 
those which grow slower. Changes in the difference of growth, which are 
connected with nutations, cause corresponding changes in potentials. 
Alterations in the difference of potentials may also be created by the intro- 
duction of the growth hormone in certain places of the organ. In this case 
again the zones which grow faster will become electropositive. 

Ramshobn studied also the effect of an outside electromotive force upon 
the growth of the hypocotyl of the sunflower and found that when the grow- 
ing zone is connected with the positive pole an acceleration of growth of 
short duration may be observed. On the other hand, when it is connected 
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with the negative pole, then growth is retarded. Without going into details 
of other results of Bamshorn’s work, we will only mention his experiments 
on sections of the stalk of Impatiens balsamina, on which Went carried out 
his studies. These experiments showed that the apical part of the stem is 
electropositive with respect to the basal one. On the basis of these results 
Bamshobn came to the conclusion that the unequal diffusion of acid and 
basic dyes, which Went observed on this object, cannot be explained by 
differences in electric potentials. 

The brief review of the latest work in the electrophysiology of growth, 
which has been presented, shows that the conclusions of various workers in 
this field differ greatly even on purely experimental questions. As was 
shown in the review, the methods applied by some of the authors mentioned 
were not always free from criticism from the physical and physiological 
points of view. However, such preliminary work is necessary. In view 
of these considerations we believe it useful to publish briefly the main results 
of our electrophysiological studies, which 'were planned and partially carried 
out before the papers of Koc’ir and of Ramshorn appeared, and with which 
our work has some common points. 

The starting point of our investigations were Kogl’s experiments men- 
tioned above. If an electrical current of 10 ^ to lO"’^ amperes really ac- 
celerates or retards, depending on the direction of the current, the trans- 
location of the growth hormone in the decapitated coleoptile, it may be as- 
sumed that the same phenomenon should also take place in the undecapitated 
coleoptile which is obtaining the grow’th substance from its own top, namely, 
that the rate of growth w’^ould cliange under the influence of the growth 
hormone depending upon the direction of the electromotive force which is 
ai)pliecl to it. If the Went-Kogl scheme is correct, then the current, which 
is passing from the base to the apex of the coleoptile, should cause a certain 
acceleration in growth while the current, which is directed to the opposite 
side, should retard growth. The main object of our experiments was to 
verify this conclusion. 


Methods 

First we will describe the method used. In all our investigations we 
applied only such electrodes as do not polarize and which were described 
previously by one of the writers (5). As will be seen from figure 1, such an 
electrode is made of two communicating glass tubes, A and B. The wider 
tube, A (about 7 mm. in diameter and 60 mm. long), is filled with a satu- 
rated solution of ZnSO^, while the narrow one, B (2 mm, in diameter), is 
filled with tap water. A kaolin stopper, a, which is previously soaked in 
water, and 2 layers of cotton, h, separate the water in the capillary tube, J5, 
from the zinc sulphate solution in A. An amalgamated rod, df, with a sold- 
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ered clamp, e, is put into the tube, A, through a rubber stopper, /. A silk 
thread, i, of which one end is immersed in water, is connected by its other 
end with the object under investigation. 


Fig. 1. 





Electrode used in the work reported. 


Figure 2 shows how the two electrodes are fastened to the stand, which 
is made of a paraffined cork and glass rods (5) . This figure also shows how 
the electrodes are connected with the coleoptile, whieli was at a certain time 
before the experiment cut off from the mesocotyl and freed from the pri- 
mordial leaf ( 4 ). The coleoptile is placed by its low^r end into a cut of 
the cork plate, a, which is in turn attached by a nickel pin to a paraffin layer 
in a cylindrical glass container, c. 

As was mentioned above, both electrodes were connected with the coleop- 
tile through silk threads. One of these threads had on the end a loop of 
about 0.5 mm. in diameter. This loop was set before the beginning of the 
experiment on the top of the coleoptile (fig. 2). The other electrode, also 
through silk thread, was connected with the water, which was on the 
paraffin layer in the container, c, and into which the coleoptile was immersed 
by its lower end. It must also be mentioned that the electrodes were always 
arranged in such a way that the open ends of the capillaries, J5, which are 
filled with water, were on the same horizontal plane with the point of attach- 
ment of the silk threads to the object (fig. 2). Thus we avoided the forma- 
tion of a siphon and the running over of the water from the tubes of the 
electrodes to the object, or in the opposite direction over the threads. 

The stand with the electrodes and with the plant was covered by a glass 
bell jar throughout the experiment. A w^ell-moistened sponge was kept 
under the bell jar. The experiments were carried out in a dark room, the 
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temperature of which changed but little. The temperature fluctuations 
during the course of our experiments usually did not exceed 0.1 to 0.2® C. 
Growth was measured by an horizontal microscope with an ocular microm- 
eter, each division of which was equal to 50 p. The measurements and all 
the other manipulations were made by the light of a red photographic lamp. 



Fia. 2. Electrodes attached to a stands showing method of making contacts with the 
coleoptile. 

The source of the electric current was an accumulator of 4 volts con- 
nected with a rheostat of 120 ohms. The rheostat had a moving contact 
pointer, which enabled the introduction into the plant of a current of the 
desired strength through the side connection. The current strength was 
measured by a galvanometer the sensitivity of which was 0.14 • 10“® amperes. 
The direction of the current could be reversed by a reversible key. All this 
arrangement is schematically represented in figure 3. 

The main object of our investigation was the isolated coleoptiles of oats 
(Avena sativa var. Siegeshafer Svalof), which was from 20 to 30 mm. in 
length. We worked also with the coleoptile of whole uninjured oats seed- 
lings. Several experiments were carried out with rye {Secale cereale). 

Experimentation 

Isolated coleoptiles 

The following tables (I-XX) give the results of experiments wuth iso- 
lated coleoptiles. Tlie arrow pointing upward shows that the current ran 
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from the base of the coleoptile to the apex. The current running in the 
opposite dirretion is indicated by arrows pointing downward. Growth is 
given everywhere in divisions of the scale of the ocular micrometer (50 p). 


4V 



Fig. 3. Diagram of circuits used in making the measurements recorded. 


TABLE I 

Experiment, May 8, 1934. Coleoptile of Avena sativa. Material planted on May 4. 

Temperature 20° C. 


Observation 

i Current 

Direction 

Time op 

Increase IN GROWTH 

NUMBER 

1 STRENGTH 

or CURRENT 

OBSERVATION 

IN 20 MIN. (IN 50 ^l) 


amp. 





1 

0 


1: 20 p.M. 



2 

0 


3:40 ” 

3.5] 


3 

0 


2 : 00 

3.5 ! 

^ Average 3.5 

4 

0 


2:20 

4.5 

6 

0* 


2:40 » 

3.0 


6 

1.13 • 10-6 

t 

3:00 ” 

5.5 


7 

ij 

t 

3:20 

4.5' 


8 

9 

w 

w 

t 

t 

3:40 

4:00 » 

3.5 1 
1 3.0 

.Average 3.1 

10 

r9 

t 

4:20 » 

1 1-5 J 


11 

99 

t 

4:40 

1.0 






Current on. 
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TABLE II 

Experiment, May 9, 1934. Coleoptile op Aveha satjva. Material planted on May 5, 

Tempbratorb 21° C. 


Observation 

Current 

Direction 

Time op 

Increase in growth 

NUMBER 

i strength 

OP current 

OBSERVATION 

IN 20 MIN. (IN 60 ji) 


amp. 





1 

0 


11 : 20 a.m. 



2 

0 


11:40 ” 

3.25] 


3 

0 


12: 00m. ' 

2.75 

> Average 3.25 

4 

0 


12 : 20 P.M. 

3.25 

5 

0* 


12:40 ” 

3.75 


6 

1.88 • 10-6 

t 

1:00 ” ! 

5.0 


7 

» 

t 

1:20 ” 1 

4.25' 


8 

9 

»> 

t 

t 

1:40 ” 

2: 00 ” 

3.25 
2.5 1 

► Average 3.0 

10 

11 

t 

2:20 » 

2.0 1 

J 



* Current on. 


TABLE III 

Experiment, May 21, 1934. Coleoptile op Aveha sativa. Material planted on May 17. 

Temperature 22° C. 


Observation 

NUMBER 

Current 

strength 

Direction 
OP current 

Time op 
observation 

Increase in growth 
IN 20 MIN. (in 50 n) 


amp. 





1 

0 


7:20 A.M. 


o 

0 


7: 40 

11 

3.5 *1 

3 

0 

j 

8: 00 

11 

3.5 1 Average 3.5 

4 

0* 


8: 20 

11 

3.5 

5 

0.5 • 10-6 

t 

8: 40 

11 

4.5 ^ 

6 

11 

t 

9: 00 

,, \ 

4.25'! 

7 

11 

t 

9: 20 

11 

3.25 1 Average 3.5 

8 

11 

t 

9: 40 

11 

3.0 J 


* Current on. 
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TABLE IV 

ISxpiiBiMENT, December 5, 1934. Coleoptile of Avsna bativa. Material planted on 
November 29. Temperature 14.5° 0. 


Observation 

number 

Current 

STRENGTH 

Direction 
or current 

Time of 

OBSERVATION 

Increase in growth 
IN 20 MIN. (in 50 


amp. 





1 

0 


2 : 40 P.M. 



o 

0 


3: 00 ” 

3.01 


3 

0 


3 ; 20 

3.0 


4 

0 

i 

3:40 

3.0 

» Average 3.0 

5 

0* 

i 

4: 00 j 

3.0 


6 

0.5 • 10-6 

t 

1 4:20 

4.0 


7 


t ' 

4: 40 " 

8.01 


8 

yy 

t 

5:00 

3.0 1 

. Average 2.8 

9 

yy 

t 

5:20 ’’ 

2.5 j 



* Current on. 


TABLE V 

Experiment, February 7, 1935. Coleoptile of Avena sativa. Material planted on 
February 1. Length of coleoptile 23 mm. Temperature 16° C. 


Observation 

NUMBER 

Current 

strength 

Direction 

OF CURRENT 

Time of 

OBSERVATION 

Increase in growth 
IN 20 MIN. (in 50 Ji) 


amp. 





1 

0 


1: 40 P.M. 


2 

0 


2: 00 

” 1 

1.0 

3 

0 


2: 20 

yt I 

1.5 1 

4 

0 


i 2: 40 

yy 1 

2.5 1 Average 2.2 

5 

0* 


3: 00 

yy 

2.5 

6 

0.4 • 10-e 

t 

3: 20 

yy 

4.0 

7 

w 

t 

1 3: 40 

yy 

3.251 

8 

yy 

t 

4: 00 

yy 

2.75 1 Average 2.7 

9 

yy 

! t 

4: 20 

yy 

2.0 J 


Current on, 
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TABLE VI 

Experiment^ December 19, 1934. Coleoptile of A\L}iA bath a. Material planted on 
December 13. Tbmperati're 16° C. 


Observation 

NUMBER 

Current 

STRENGTH 

Direction 

op CURRENT 

Time op 

OBSERVATION 

Increase in growth 

1 IN 20 MIN. (IN 50 ji) 

1 

2 

amp , 

0 

0 


I 6: 20 p.M. 

' 6:40 ” 1.5 

3 

0 


7: 00 » 

1.0 

4 

0* 


1 7; 20 ” 

1.0 

5 

0.3 * 10 G 

t 

7 40 

2.5 

6 

» 

t 

8:00 

3.5 

7 

ft 

t 

8:20 

2.5 

8 

v 

t 

1 8:40 

1 

1.5 


* Cui rent on. 


TABLE VIT 

Experiment, December 27, 1934. Coleoptile of Avl\a bat/va. Material planted on 
December 21. Length of coleoptile 23 mm. Temperature 16° C. 


Observation 

NUMBER 

Current 

STRENGTH 

Direction 
OP current 

Time of | 

OBSERVATION 

Increase in growth 
IN 20 min. (in 50 |i) 

1 

amp . 

0 


5: 40 p M. 


2 

0 


6: 00 


1.0 

3 

0 


6: 20 

jt 

1.0 

4 

0* 


6:40 


1.0 

5 

0.3 • 10-« 

t 

7: 00 


2.0 

6 

i 

t 

7: 20 


2.75 

7 

1 » 

' t 

7: 40 


1 1.75 

8 

It 

t 

8: 00 


I 1.5 


* Current on. 
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TABLE VIII 

Experiment, December 15, 1934. Coleoptile of Ar/sixd sativa. Material planted on 
December 9. Length of coleoptile 25 mm. Temperature 16.5® C. 


Observation 

number 

Current 

strength 

Direction 

OF CURRENT 

Time of 
observation 

Increase in growth 
in 20 min. (in 50 ^i) 


amp. 



1 


1 

0 


6 : 40 p.M. 



2 

! 0 


7: 00 

3.0 


3 

0 


7: 20 ” 

2.0] 


4 

0 


7:40 ” * 

1.5 

- Average 1.7 

5 

0* 


o 

o 

00 

1.5 J 


6 

0.3 * 10-6 

t 1 

8:20 ” 

4.0^ 


7 - 

ii 

t 1 

00 

o 

4.01 


8 

jf 

t ' 

o 

o 

4.5 1 

. Average 4.3 

9 

y ) 

t ! 

9:20 ” 

4.5 J 



* Current on. 


TABLE IX 

Experiment, June 22, 1934. Coleoptile of Avena sativa. Material planted on June 17. 
Length of coleoptile 24 mm. Temperature 20° C. 


Observation 

NUMBER 

Current 

strength 

Direction 
of current 

Time of 
observation 

! Increase IN growth 

1 in 20 MIN. (in 50 

1 

2 

amp, 

0 

0 


12 : 40 P.M. 

1:00 « 3.0 

3 

0 


1:20 « 

’ 4.5 

4 

0 


1:40 « 

4.0 

6 

0* 


2: 00 « 

4.0 

6 

0.3 • 10-e 

t 

t 

2: 20 

6.5 

7 

ti 

2:40 « 

6.0t 

8 

0.6 ‘ 10-6 

t 

3: 00 « 

7.5 

9 

u 

t 

3: 20 « 

, 4.5 


* Current on. 

t Current strength was increased. 
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TABLE X 

Experiment, June 23, 1934. Coleoptile of Avena batiya. Material planted on June 19. 
Length or coleoptile 25 mm. Temperature 21® C. 


Observation 

number 

Current 

strength 

Time of 

OBSERVATION 

Direction ■ 

OF CURRENT 

Increase in growth 
IN 20 MIN. (in 50 


amp. 





1 

0 


12:20 p.m. 


2 

0 


12:40 

« 1 

3.0 

3 

0 


1: 00 

(( 

3.0 

4 

0 


1: 20 

t( 

4.5 

5 

0 


1:40 

i( 

4.5 

6 

0* 


2: 00 

i( 

4.0 

7 

0.3 • 10-« 

t 

2: 20 

u 

6.0 

8 

i( 

t 

2; 40 

« 

4.5 1 

9 

0.6*10-8 

t 

, 3:00 

u 

6.25 

10 

u 

t 

3: 20 

u ' 

5.25 


* Current on. 

t Current strength "was increased. 


The first 10 experiments (tables I to X), which were selected as typical 
from a great number of other similar ones, show that when a current of the 
order of 10”^ to 10“® amperes is passing from the base to the apex through an 
isolated coleoptile of oats, a noticeable acceleration of growth is observed. 
This acceleration continues for quite a long time at relatively low tempera- 
tures (about 16° C.). At higher temperatures (about 20 to 22° C.), how- 

TABLE XI 

Experiment, May 13, 1934, Coleoptile of Avena satiya. Material planted on May 10. 

Temperature 21® C. 


Observation 

number 

Current 

STRENGTH 

Direction 
OF current 

j Time of 

0BSF.RVAT10N 

Increase in growth 
IN 20 MIN. (IN 50 p.) 


amp. 





1 

0 


, 1 : 20 P.m. 



2 

0 


1:40 « 

2.25 


3 

0 


o 

o 

2.75 


4 ! 

0 


2:20 “ 

4.0 1 


5 I 

0 


2:40 « 

3.5 

.Average 4.2 

6 

0» 


3:00 

5.0 


7 

1 0.75 • 10-8 

i 

3:20 

4.0 


8 

u 


3:40 " 

3.0 ] 


9 

(( 

i 

o 

© 

3.0 

.Average 2.8 

10 

i( 


4:20 « 

i 2.5 J 



* Current on. 
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ever, it is of a short duration and'is sometimes accompanied by a slight de- 
crease in the growth rate. Certain experiments (tables IX, X) show that an 
increase in the initial current strength during the experiment causes a new 
rise in the growth curve. This new rise is sometimes even greater than the 
initial one. 

Let us now see how a current passing in the opposite direction, from the 
top to the base, affects growth of an isolated coleoptile, 

TABLE XII 

Expeeiment, June 9, 1934. Coleoptile of Avena bativa. Material planted on June 6. 
Length of coleoptile 27.5 mm. Temperature 20^ C. 







OHOLODNY AND SANKBWITSCH: WEAK ELECTRIC CURRENTS 


399 


TABLE XIV 

Experiment, December 13, 1934. Ooleoptile op Avena satjva. Material planted on 
December 7. Temperature 16.6® C. 


Observation 

number 

Current 

STRENOTH 

Direction 

OP CURRENT 

Time op 
observation 

Increase in ordwth 
IN 20 MIN. (in 50 


amp. 





1 

0 


6 : 00 p.M. 



2 

0 

t 

5: 20 « 

1.5 


3 

0 


5:40 « 

1.6] 

1 

4 

0 


6:00 “ 

2.0 

Average 2.0 

5 

0* 


6:20 « 

2.5 

1 

6 

0.3 • 10-« 

i 

6:40 

2.0^ 


7 

it 


7:00 “ 

2.01 

1 

8 

a 

i 

7 : 20 

2.0 1 

L Average 2.0 

9 

it 

i 

7 : 40 

2.0 J 

I 


* Current on. 


TABLE XV 

Experiment, December 16, 1934. Coleoptile op Avena sativa. Material planted on 
December 10. IjEnoth op coleoptile 20 mm. Temperature 16® C. 


Observation 

NUMBER 

Current 

strength 

Direction 

op CURRENT 

Time op 
observation 

Increase in growth 
in 20 MIN. (in 50 (i) 

1 

2 

amp. 

0 

0 


2 : 00 p.M. 

2 : 20 “ 

2.0 


3 

0 


2 : 40 « 

3.0 


4 

0 

i 

3: 00 « 

4.01 


5 

0 


3: 20 “ 

4.0 

► Average 3.7 

6 

0* 

i 

3:40 « 

3.5 


7 

0.3 • 10-« 

i 

O 

o 

3.0 


8 

u 

i 

4:20 “ 

2.01 

1 

9 

it 

i ' 

4: 40 “ 

2.0 ' 

1 Average 2.0 

10 

it 

1 

1 \ 

5:00 

2.0 1 

1 


Current on. 



400 


PLANT PHYSIOLOGY 


TABLE XVI 

Expisriment, December 11, 1934. Colboptile op Avsna bativa. Material planted on 
December 5. Temperature 16.2® C, 


Observation 

NUMBER 

Current 

STRENGTH 

Direction 
op current 

Time of 
observation 

Increase in growth 
IN 20 MIN. (in 50 |i) 


amp. 





1 

0 


5 : 00 p.M. 



2 

0 


5:20 “ 1 

2.5 


3 

0 


5:40 « 1 

3.0 


4 

0 


6:00 

4.5 


5 

0 


6:20 « 

3.5 ] 


6 

0 


6:40 « 

2.5 

.Average 3.1 

7 

0* 


o 

o 

3.25 


8 

0.31 • 10-« 

i 

7:20 « 

2.5 


9 


1 

7:40 “ 

2.0 1 

1 

10 

<( 


8: 00 “ 

1.5 

L Average 1.5 

11 

ft 

i 

8:20 « 

1.0 J 

1 


* Current on. 


TABLE XVII 

Experiment, May 14, 1934. Coleoptile of Avena bativa. Material planted on May 11. 

Temperature 20® C. 


Observation 

NUMBER 

Current 

STRENGTH 

1 Direction 

OF CURRENT 

Time of 1 

OBSERVATION i 

Increase in growth 
IN 20 MIN. (in 50 |l) 


amp. 


1 

i 


1 

0 


1:00 p.m. 1 


2 

0 


1:20 , 

4.0 

3 

0 


1:40 " 

3.25 

4 

0* 


o 

o 

3.0 

5 

0.75 • 10-« 

i 

2:20 

2.0 

6 

f< 

I 

to 

o 

1.5 

7 

it ^ 

i 

Ctf 

o 

o 

0.75 

8 

it 

1 

3:20 “ 

l.Ot 

9 

0 


3:40 « 

1.25 

10 

0 


o 

o 

2.75 

11 

0 


to 

o 

1.25 

12 

0 


4: 40 « 1 

0.75 

13 

0 


5:00 « j 

0.5 


* Current on. 
t Current ewitc^d off. 
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TABLE XVIII 

Experiment, May 20, 1934. Coleoptile or Avena batjva . Material planted on May 16. 

Temperature 21.5® C. 


Observation 

NUMBER 

CJurrent 

STRENGTH 

Direction 
or current 

Time or 
observation 

Increase in growth 
in 20 MIN. (IN 50 n) 

1 

2 

amp. 

0 

0 


2 : 00 p.M. 

2: 20 “ 

3.5 

3 

0 


to 

o 

4.5 

4 

0 


3: 00 « 

6.0 

5 

0* 


3:20 “ 

5.0 

7 

n 


o 

o 

4.5 

6 

0.56 • 10-6 


o 

CO 

1 4.5 

8 

<( 


4: 20 “ 

1 4.5 1 

9 

0 


4:40 « 

j 3.25 

10 

0 


5: 00 « 

4.0 

11 

0 

1 


5:20 « 

3.0 


* Current on. 
t Current switched off. 


These eight experiments (tables XI-XVIII) are sufi5cient to show that 
a current of the same strength as in the first 10 experiments but passing in 
tlie opposite direction — ^from the top to the base — does not cause any increase 
in growth, but gives in most cases the opposite effect, namely, a retardation 
of growth of the coleoptile. This retardation, as is shown by two of the 
experiments (tables XVII, XVIII), lasts even after the current is 
switched off. 

The coleoptiles of oats, even in their isolated state, are distinguished by 
an uneven and changeable growth rate, which makes the effect of external 
factors upon the growth less distinct. Consequently the writers considered 
it desirable to verify the results of the oats experiments by using another 
cereal which has a more uniform growth. As an example there are given 
here two experiments with rye (Secale cereale var. Petkus). 

These experiments (tables XIX, XX) show that in this ease the effect 
of the electric current upon growth of the coleoptile is the same as in the 
experiment with the oats. The current which passes from the base to the 
apex of the coleoptile causes a definite acceleration of growth of short dura- 
tion. The current which passes in the opposite direction, retards growth 
to a marked degree, and this retardation lasts for a long time even after the 
current is switched off. 


Uninjured seedlings 

In addition to the experiments with the isolated coleoptiles described 
above, another series of experiments was carried on with uninjured seedlings 
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TABLE XIX 

EypaatiMTOT, Hat 17, 1934. €oiUK>PTiLB or Seoalb cereals. Aftsb bsmoval or thk 
PBIMOftDUL LEAF THE OOLBCMPTtLB WAS OPT IN A DARK BOOM FOR 1 HOUR 
AND 40 MINUTBS. TEMPmATURB 21<’ 0. 


Obseryation 

NUMBER 

Current 

STRENGTH 

BlREOnON 
OF CURRENT 

Time OF 

OBSERVATION 

Increase in growth 
IN 20 MIN. (IN 50 |l) 


amp. 





1 

0 


2: 40 P.M. 



2 

0 


o 

o 

CO 

5.0] 


3 

0 


3:20 « 

4.6 


4 

0 


o 

CO 

5.0 

.Average 4.8 

5 

0 


o 

o 

4.5 


6 

0* 


4:20 " 

6.0 


7 

0.6 • 10-6 

t 

4:40 “ 

6.0 


8 

u 

t 

5:00 " 

6.0] 


9 

u 

t 

5:20 « 

5.5 


10 

(( 

t 

5:40 " 

4.5 

.Average 5.0 

11 

(( 

T 

6:00 « 

4.5 


12 

u 

t 

6:20 « 

4.5 


13 

u 

t 

6:40 " 

4.0 


14 

ti 

t 

7:00 

4.0 



* Current on. 


TABLE XX 

Experiment, May 27, 1934. Ooleoptile of 8 scale cereals. Material planted on 
May 23. Length of coleoptilb 34 mm. Temperature 20.6° C. 


Observation 

NUMBER 

Current 

strength 

Direction 

OF CURRENT 

Time of 

OBSERVATION 

Increase in growth 
IN 20 MIN. (IN 50 fi) 


emp. 





1 

0 


5: 40 P.M. 



2 

0 


6:00 " 

5.5 


3 

0 


6:20 ‘‘ 

6.5 ] 


4 

0 


6:40 « 

7.0 

.Average 6.5 

5 

0* 


7:00 

7.0 


6 

0.56 • lO’S 


7 : 20 ** 

4.5 ^ 


7 

t( 

I 

7:40 “ 

4.5 ] 


8 

u 

1 

o 

o 

00 

4.0 

.Average 4.2 

9 

"f 

i 

8:20 " 

4.0 I 


10 

0 


8:40 « 

2.25 


11 

0 


9:00 « 

3.25 


12 

0 


9:20 " 

3.25 



* Current on, 
f Current switched 
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of oats, the roots of which were immersed in the water, while the lower part 
of the coleoptile was fastened in the cut of the cork plate, which covered the 
water container. The silk thread of the lower electrode was connected with 
the basal part of the coleoptile above the cork cover in some of the experi- 
ments (tables XXI— XXIV), while in other experiments (tables XXV— 
XXVII) it was immersed directly in the water so that the current passed 
not only through the coleoptile but also through the mesoeotyl and the root 
system. In all other respects these experiments did not differ from the ones 
described above. 


TABLE XXI 

Uninjueed SEKDLIKO or Avbva batiya. Tempeeature 24® C. 


Observation 

NUMBER 

Current 

STRENGTH 

Direction 

or CURRENT 

Time op 
OBSERVATION 

Increase in growth 
IN 20 MIN. (IN 50 

1 

amp. 

0 


7: 00 a.m. 


2 

0 


7:20 " 

3.0 

3 

0 


7:40 " 

6.0 

4 

0 


00 

o 

o 

4.5 

5 

0 

! 

! 

8: 20 

! 4.5 

6 

0* 

1 

8:40 " 

; 4.0 

7 

0.98 • 10-8 

t 

o 

o 

5.5 

8 

u 

t 

9:20 « 

4.5 

9 

u 

! 1 

9:40 “ 

3.5 

10 

it 

1 t 

10:00 << 

1 3.0 

1 


* Current on. 


TABLE XXII 

Uninjured seedling or Ayes a batiya. Temperature 21® C. 


Observation 

NUMBER 

Current 

STRENGTH 

Direction 
or current 

Time or 
observation 

Increase in growth 
IN 20 MIN. (IN 50 |i) 

1 i 

2 

amp. 

0 

0 


12: 40 P.M. 
1:00 " 

4.0 

3 

0 


1:20 « 

6.0 

4 

0 


1:40 « 

5.5 

5 

0 


2: 00 « 

6.5 

6 

0* 


2:20 " 

6.0 

7 

0.7 • 10-8 

t 

2:40 « 

7.0 

8 

u 

t 

3:00 

6.0 

9 

it 

t 

3:20 " 

4.5 


Current on. 
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TABLE XXIII 

Uninjured seedling op Avena batjtfa. Temperature 24® C. 


Observation 

NUMBER ! 

. 

Current 

STRENGTH 

DlRECfnON 

OP CURRENT 

Time op 

OBSERVATION 

Increase in growth 
IN 20 MIN. (IN 50 n) 


amp . 




1 

0 


7 : 00 A.M. 


2 

0 


7: 20 “ 

2.0 

3 

0 


7:40 " 

4.5 

4 

0 


00 

O 

o 

3.75 

5 

0 


8:20 i 

3.0 

6 

0* 


8:40 “ 

4.0 

7 

0.98 • 10-fl 

4- 

o 

o 

4.0 

8 

it 

i 

9:20 

3.0 

9 , 

it 

1 

9:40 « 

2.5 


* Current on. 


TABLE XXIV 

Uninjured seedling op Avena bativa. Temperature 24® C. 


Observation 

NUMBER 

Current 

strength 

Direction 
OP current 

Time op 

OBSERVATION 

Increase in growth 
in 20 MIN. (in 50 fi) 


amp . 




1 

0 


9 : 00 A.M. 


2 

0 


9:20 

4.0 

3 

0 


9: 40 

4.5 

4 

0* 


10:00 « 

! 5.0 

6 

0.98 • 10-6 

i 

10:20 

4.5 

6 

ti 

i 

10:40 

4.5 

7 

u 

i 

31:00 ‘‘ I 

1 

4.0 


* Current on. 


TABLE XXV 

Uninjured seedling op Avena bativa. Temperature 21® C. 


Observation 

NUMBER 

Current 

STRENGTH 

DlREOnON 
OP CURRENT 

Time op 

OBSERVATION 

Increase in growth 
IN 20 min. (in 50 ji) 


amp . 




1 

0 


3: 00 P.M. 


2 

0 


3:20 « 

4.0 

3 

0 


3:40 “ 

3.0 

4 

0 


o 

o 

3.0 

5 

0* 

i 

4:20 

3.0 

6 

0.56 • 10-6 

t 

4:40 « 

3.0 

7 

u 

t 

5: 00 « 

5.0 

8 

it 

I 

5:20 « 

3.0 

9 

' tt 

t 

5:40 « 

3.0 

10 

it 

t 

6:00 « 

2.5 


* Current on, 
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TABLE XXVI 

UnINJUWK) seedling op SATIVA. TEMPERATURE 20® C. 


Observation 

NUMBER 

Current 

STRENGTH 

Direction 

OP CURRENT 

Time op 

OBSERVATION 

Increase IN GROWTH 
IN 20 MIN. (in 50 n) 


amp. 


1 


1 

0 


4:20 p.m. 


2 

0 


4:40 “ 

1 4.0 

3 

0 


5: 00 

' 3.0 

4 

0 


5; 20 « 

4.0 

5 

0 


5:40 " 

3.0 

6 

0* 


6:00 « 

4.0 

7 

0.7 • 10-« 

t 

6: 20 “ 

5.0 

8 

« 

t 

6:40 “ 

; 3.5 

9 

(t 

t 

7: 00 

I 3.5 


* Current on. 


TABLE XXVII 

Uninjured seedling op Jvbna batjva. Temperature 20® C. 


Observation 

number 

Current 

STRENGTH 

Direction 

OP CURRENT 

Time OP 
observation 

Increase in growth 
IN 20 min. (in 50 n) 


amp. 




1 

0 


11 : 40 a.m. 


2 

0 


12: 00 m. 

3.0 

3 

0 


12 : 20 P.M. 

3.0 

4 

0 


12:40 « 

5.0 

5 ! 

0 


1:00 

5.0 

6 I 

0* 


1:20 « 

4.5 

7 ' 

‘ 0.7 • 10-« 

i 

1:40 “ 

4.0 

8 

it 

i 

o 

o 

4.0 

9 

tt 

i 

2 : 20 

3.0 


* Current on. 


A comparison of the data of the results of these experiments with the 
results of the previous ones shows that the same general regularity exists 
in both cases : a current of the order of lO"”^ to 10"® amperes caused an ac- 
celeration of growth of short duration when it passed from the base to the 
apex of the plant. When a current of the same strength passed in the oppo- 
site direction it either did not effect growth at all, or it caused a slight retar- 
dation of growth. 

Conclusions 

What are the general conclusions that may be drawn from these experi- 
ments ? Do they confirm the assumption that the translocation of the growth 
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hormone in the coleoptile depends* on electric forces and that this substance, 
an acid, moves through the cells of this organ primarily by means of ‘‘cata- 
phoresis'' as Went (12) and Kogl (8) consider it to spread? A superfi- 
cial observation of the results of our experiments makes one think that they 
fit easily into this hypothesis. We see that a current passing from the base 
of the coleoptile to its apex really caused a definite acceleration of growth, 
and on the contrary the current passing in the opposite direction caused a 
decrease. But a further analysis of the same data shows that the 
phenomena observed by us are of a more complicated nature. 

As to the acceleration of growth under the influence of the current which 
passed in the upward direction, it is to be noticed first of all that this ac- 
celeration lasts only for a very short time and takes place shortly after the 
current is switched on. Soon thereafter the growth rate decreases to the 
normal level and sometimes there is even a retardation in growth. • Only in 
a few cases, where the initial growth of the coleoptile for some reason (e,g., 
low temperature) was very slow, as in some of the experiments (tables VI- 
VIII), the electric current seems to have stimulated growth of this organ, 
increasing the rate of growth to the normal level. 

The data relating to the effect of current which passed from the top of 
the coleoptile to its base seem to agree more closely with the Went-Kogl's 
ideas. The more lasting retardation of growth, which was observed in this 
case, may be explained by the immediate influence of the current upon move- 
ment of the growth hormone. But with this consideration in mind it is hard 
to understand the phenomenon of “aftereffect" of the current, namely, the 
decrease in rate of growth after the current is switched off, as seen in the 
results of the experiments given in tables XVII and XVIII and especially 
in table XIX. On the basis of the Went-Kogl hypothesis one would expect 
that after the elimination of the cause, which was retarding the normal move- 
ment of the growth hormone, its translocation in the growing zone of the 
coleoptile should at once increase, and this should cause a marked accelera- 
tion in growth. 

Summing up our results we must say that although our experimental 
data do not prove the incorrectness of the view that the growth hormone has 
a tendency to diffuse in the plant from the negative pole to the positive one, 
it is difficult to coordinate them with the ideas of Went and Kogl. By 
analyzing the general features of the phenomena, which we have observed, 
we have a greater reason to suppose that the electric current influences the 
movement of the growth hormone not directly as an electrolyte, but through 
the complex system of the living protoplasm, upon the changeable properties 
of which depend both the translocation and the production of the growth 
substance. Our*data seem to point to the complexity of the problem and 
suggest the need for further investigations. 
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Summary 

1. A critical review of the recent literature on the electrophysiology of 
growth emphasizes a number of defects in the methods used by previous 
authors. The fact is stressed that polarizable electrodes must not be 
employed when one is working with living plants. 

2. The main object of the present work was to check Wentzs and Kogl's 
hypothesis, which assumes that the translocation of the growth-substance in 
plant organs is a phenomenon of cataphoresis ( 8 , 12 ). 

3. It was found that the passage through the isolated coleoptile of oats 
and rye of a current of the order 10"^ to 10"® amperes, directed from the base 
of the coleoptile to its apex, caused a noticeable acceleration of growth, 
which lasted for a short time and in most cases was followed by a definite 
retardation of growth. 

4. If the current is increased by an initial strength during the experi- 
ment, tlie curve of growth rises again for a short time (tables IX, X). 

5. At the lower temperatures of our experiments an electric current, 
which is directed to the apex of the coleoptile, sometimes does not decrease 
growth, but increases it somewhat, bringing growth to its normal level 
(tables VI-VIII). 

6. A current of to 10”® amperes, directed from the apex of the coleop- 
tile to its base, in most cases retards growth of the coleoptile (tables XI- 
XVIII, XX). This retardation continues after the current is switched off 
(tables XVII, XVIII). 

7. Phenomena entirely analogous to the ones mentioned in paragraphs 
3 and 6 of this summary were also observed in uninjured seedlings of the 
oats when an electric current of the order 10~^ to 10 ® amperes passed through 
the coleoptile or through the whole plant (tables XXII-XXVII). 

8. The experiments described above do not confirm the hypothesis of 
Went and Kogl, It is ditficult to harmonize their ideas with the fact that 
the acceleration of growth is observed only immediately after the current is 
on and that it lasts for a very short time. Likewise it is diflScult to explain 
the phenomenon of aftereffect, i.e., the retardation of growth after the cur- 
rent is switched off, by the hypothesis of these authors. 

9. The results of this work seem to confirm the conclusion that the electric 
current affects the translocation of the hormone, not directly as an electro- 
lyte, but indirectly through the complex system of the living protoplasm. 

University of Kiev 

Ukraine, U. S. S. R. 
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ELECTRICAL POLARITY AND AUXIN TRANSPORT 

W. 0. Clark 
(with ten figures) 

Introduction 

The polar basal transport of the growth substances (auxins, growth 
hormones) in plants is a well known phenomenon, demonstrated first by 
Went (81), and studied in detail by van der Weij (78, 80) . These investi- 
gators used the Avena (oat) coleoptile/ That the phenomenon is more or 
less general is indicated by the polar transport of auxin in roots (Cholouny, 
19; Nagao 60) ; in hypocotyls of Baphanus (van Overbebk, 62), of Pisum 
(Skoog, 74) ; in leaves (Avery, 2) ; in the coleoptile of Avena (Went, 81; 
Laibach and Kornmann, 40; van der Weij, 78, 80; and Skoog, 74) and 
corn (van Overbeek, 63) ; in Elaeagnns (woody cutting) (van der 
Weij, 79) ; in stems of Coleus, Vicia, and Phaseolus; and in hypocotyls of 
Vida, Phaseolus, and Lupinus (Mai, 54). 

Other workers have reported non-polar transport of auxin in plants. 
Hitchcock and Zimmerman (31) and Zimmerman and Wilcoxon (85) 
have shown an apical transport of heteroauxin (indole-3-acetic acid) and 
several otlier active compounds in stems of Helianthus tuberosiis, Nicotiana 
tahacum, and in Lycopersiciim esculentum, as indicated by induction of 
adventitious roots and by epinastic response of leaves. Loehwing and 
Bauguess (45) have shown that heteroauxin could be absorbed by the root 
system of potted seedlings of Matthiola incana and be transported apically 
to increase the stem elongation over that of the controls. Both the Boyce- 
Thompson workers and Loehwing and Bauguess have merely shown that 
auxin applied in high concentrations can be carried in the transpiration 
stream. This, of course, will not give polar transport. Higher concentra- 
tions of auxin may have effects which are not normally encountered. For 
example, high concentrations applied at the base of Pisum cuttings induce 
roots there, whereas in the lower, more physiological concentrations roots 
may be induced at the bases, only by applying auxin at the morphological 
tips (Went and Thimann, 83). 

Laibach and Fischnich (41) have shown that the transport of hetero- 
auxin was not strictly polar in leaves of Coleus and in cotyledons of Cucumis 
sativa, but that transport could occur apically. The apical transport was 
much smaller than basal transport, however. Avery (2), as mentioned 
above, found only basal transport. Avery determined this by diffusion of 

1 Ooleoptiles are leaf -sheaths \vhich envelop growing points and first foliage leaves of 
grass seedlings. 
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the auxin occurring naturally in the leaves, whereas Laibach and Fischnioh 
applied heteroauxin in a concentration of 0.5 per cent, in lanolin, an alto- 
gether unphysiological concentration. 

JosT and Reisz (34) demonstrated apical transport of high concentra- 
tions of heteroauxin in Avena coleoptiles. This was seen from the growth 
of sections with their basal ends immersed in the auxin solutions, and from 
actual transport experiments in which auxin was collected in agar blocks 
at the apical ends of sections supplied with auxin in agar at the basal ends. 
The apical transport was, however, much less pronounced than the normal 
basal transport, and hence semipolarity still exists. The concentrations of 
auxin used in the transport experiments was 1 : 200,000, the length of the 
sections 10 mm., and the time of transport overnight. As to its effect on 
growth, the apical transport may have been effected by capillarity in the 
hollow coleoptiles. Regardless of these findings. Went, van deb Weij, and 
others always observed strictly basal transport in short sections (1 to 4 or 
5 mm.) when shorter periods of time (1 to 3 hrs.) were used. Moreover, 
as VAN deb Weij (78) mentioned, when higher concentrations of auxin are 
used (1:200,000), the auxin may be transported by capillarity in films of 
water condensed on the surfaces of the sections. At any rate, although 
strict polarity is always difficult to observe when high concentrations of 
auxin are used, the polarity still dominates apical transport. The concen- 
trations ordinarily used are of the order of 1 : 10® or less (Went and 
Thimann, 83). 

As has been mentioned, Cholodny (19) and Nagao (60) demonstrated 
a polar basal transport in roots. Gobteb (28), de Haan (30), and others 
claim otherwise. These controversial statements will not be discussed at 
this point, since they have no bearing on the polar basal transport in Avena, 

The mechanism of polar transport 

The mechanism of this polar transport is as yet little understood. 
Went (81) showed that the transport was always in a basal direction in 
the Avena coleoptile when physiological concentrations were used; that 
in his special case, the velocity of this transport was about two hundred 
times greater than that of ordinary diffusion (being 10 mm. per hour) ; 
and that its polarity was unaffected by gravity. Van deb Weij (78, 80) 
confirmed these findings and, in addition, showed that the transport would 
occur against a considerable concentration gradient, suffering no appre- 
ciable change. He also found that the velocity of the transport was revers- 
ibly lowered to that of diffusion when the temperature was lowered to 0° C. 
At this temperature, however, the polarity of the transport persisted. 
Polarity, on the other hand, was reversibly abolished by ether narcosis 
(van mb- Weu, 80) . Bonneb (6, 7) indicated that transport was dependent 
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upon the presence of oxygen. With regard to the independence of trans- 
port and gravity, Pfaeltzer ( 64 ) found that 14,5 x gravity, produced by 
a centrifugal field, had no effect on polar transport in the Avena coleoptile. 

Protoplasmic streaming as the mechanism 

Van der Weij ( 70 ) concluded that polar transport was a * Wital process,’* 
but that protoplasmic streaming had nothing to do with it, since the velocity 
of transport was independent of temperature down to very low values, 

0® C., while the velocity of protoplasmic streaming depended upon tempera- 
ture within wide limits, citing Lambers ( 42 ). This view is supported by 
the observation of Schumacher ( 73 ) that fiuorescein shows polar diffusion 
in the plasma of stem hairs of Cucurbita pepo, the rate and direction of this 
transport being constant, while the rate and direction of protoplasmic 
streaming varied. Bottelier (9) favored some correlation between proto- 
plasmic streaming and transport, finding the velocity of streaming (3 cm. 
per hour) to be constant between 17® and 35° C., while the amount of proto- 
plasm in actual rotation (streaming intensity) increased with temperature, 
just as transport intensity increases (van der Weij, 78 ), Furthermore the 
velocity of transport (1 cm, per hour) is too great to be explained by a 
diffusion process unless it is of the nature of the model described by 
van den Honbrt (c/. below). Bottelier (10) also found that oxygen 
limited protoplasmic streaming, as it presumably does transport. 

From this discussion it is probable that protoplasmic streaming has noth- 
ing to do with the polarity of transport, but may be a factor in its velocity. 

Activated diffusion as the mechanism 

A possible mechanism for transport is that suggested by several workers 
(cf. Brinkman and Szent-Gyorgyi, 16 ; van den Honert, 32 ; Sollner, 76 ), 
which demomstrates the transport of surface-active substances at interfaces 
whose interfacial tension has been lowered at one end by the addition of 
these substances (‘‘spreading”). The velocity of the transport of KOH in 
van den Honert *s model was in one case 68,000 times greater than that of 
ordinary diffusion of KOH. 

Mason and Maskell ( 57 ) found that the diffusion of sugar in the cortex 
of the cotton plant complies with the rules of concentration gradients and 
directional flow for diffusion, but that the velocity was between 20,000 and 
40,000 times greater than the ordinary diffusion of sugar would be expected 
to exhibit. Mason and Phillis ( 58 ) found that oxygen was necessary for 
such transport in the cotton plant, and state: “It is suggested that the 
mechanism activating diffusion consists in some special organization in the 
cytoplasm, maintained by metabolic energy, whereby the resistance to solute 
movement is so reduced that materials diffuse in the sieve-tube at rates com- 
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parable with those in a gas.” Phillis and Mason ( 86 ), moreover, have 
shown that sucrose is transported against a concentration gradient in the 
leaf of the cotton plant* This recalls the similar transport of auxin against 
a concentration gradient in the Avena coleoptile, but is different in that the 
sugar transport is not as polar. The organization” spoken of by Mason 
and Phillis is as yet unknown, although the model of van den Honert 
is suggestive. 

Hence ‘^activated diffusion” may be a factor in determining the velocity 
of auxin transport in plants, particularly since auxin is surface active 
(Okunuki, 61; Kogl, Brxleben, and Haagen-Smit, 39), but it is difficult 
to see how such a mechanism could explain polarity. 

Electrical polarity 

Bbauner (13) found that the underside of horizontally placed plants 
became electropositive to the upper side. He also found that the shaded 
side of illuminated seedlings developed an electropositivity with respect 
to the illuminated side. Later Brauner and Bunking (15) correlated the 
geo-electric effect with electrotropisms. Cholodny (18) had already devel- 
oped the theory that the plant growth hormone is electrically transported 
in the plant, accumulating more on one side than on the otlier, thus causing 
differential growth and a tropism. Dolk (22) assumed that the growth 
hormone was an acid, and suggested that the dissociated anion would be 
transported to the geo- or photo-induced positive pole. For a review of 
this literature, see Went (82). 

Prom a survey of older literature on the subject of electrical polarity 
in living organisms, Went (82) formulated in his “Botanische Polaritats- 
theorie” the idea that the dissociated anion of auxin is transported longi- 
tudinally in the plant as a result of the inherent electrical polarity of the 
organ in question. By this time it was known that auxin was a weak acid 
(Kogl and Haagen-Smit, 38). Applying his theory to seedlings, Went 
suggested that the apical end of a seedling was electronegative to the basal 
end, and that auxin anions were electrically and polarly transported basal- 
ward. He supported this theory with experiments demonstrating that 
Impatiens cuttings exhibited a bipolar staining in acid and basic dyes 
(c/. experimental part of this paper). 

Previous indirect evidence has seemed to favor a causal relation between 
lateral transport of auxin and bioelectric potentials in plants (Brauner 
and BtJNNiNG, 15^Amlokq, 1; Koch, 37; de Haan, 30). 

For a general discussion of transport and of the polarity theories, the 
reader is referred to Boysen-Jbnsen (12) and Went and Thimann (83). 

In conclusion, it may be said that evidence seem^ to favor both proto- 
plasmic streaming and activated diffusion as velocity components in trans- 
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port, and bioelectric potentials as the cause of polarity in the transport 
of auxin in plants* 

It is the purpose of the present papers to reexamine the possibility of a 
linkage between electrical polarity and the polar transport of auxin in 
plants, the first paper being concerned with electrical polarity, and the sec- 
ond (see July, 1937, issue) with transport and electrical polarity. 

A. Inherent electrical polarity 

1. Polar dye uptake. — ^As mentioned in the introduction. Went (81), 
to substantiate his electrical polarity theory, demonstrated a bi-polar uptake 
of dyes in Impatiens cuttings. Negatively charged (acid) dyes penetrated 
most at the cut apices, and positively charged (basic) dyes at the bases of 
immersed cuttings. Referring to his paper, it is seen that his acid dyes 
included light-green, acid green, quinolin yellow, and methyl orange ; while 
the basic dyes included safranin, methyl violet, prune pure, neutral red, 
thionin, and gentian violet. De Haan (30) investigated differential stain- 
ing in geotropically bending Ticta roots and found that basic dyes accumu- 
lated most on the convex side, as would be expected from Brauner’s (13) 
finding that this side was electropositive to the concave side. De Haan 
classified light-green and methyl orange as anode-coloring (basic) which 
contradicts Wentzs classification. 

With respect to such controversies, electrophoretic experiments were per- 
formed with all of the dyes used in the experiments about to be described. 
The dye solutions (0.5 per cent.) were made up in distilled water at pH 6.0, 
and a current passed from zinc electrodes through U-tubes containing the 
dyes. The products of electrolysis at the electrodes were washed away by 
automatic siphons during the current passage. At the end of the experi- 
ments, the pH values at the electrodes were found to be unchanged. When 
such experiments were performed, all dyes classified as acids were found 
to be cathodic and all basic dyes anodic. Keller has said, however, that 
dye particles reverse their charges in protoplasm due to the fact that colloids 
adsorb the particles and impart to them the charge of the colloidal particle 
(Keller, 36, 36 ; Gicklhorn and Keller, 27) . An exception exists, he says, 
when the dye is in such excess that the charge of the adsorbed dye particles 
neutralizes that of the colloidal particle. In this case the charge of the dye 
particle is not reversed. Lauer (43) could not confirm Keller claim that 
protoplasm reverses the dye-particle charge. De Haan himself found a 
lack of agreement between Keuler’s tables and “test-object’^ Hedera helix, 
used by Keller in making up these tables. Owing to such uncertainties, it 
was assumed that the present electrophoretic experiments, conducted at 
pH 6.0 (which is approximately that of the cell content in plants), gave the 
true charge of the dyes used in the following experiments with plant cut- 
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tix^s. It was likewise assumed that the plant did not alter the sign of the 
charge on the particles* Electrical measurements later bore out this last 
assumption. 

PamosHEiid: (67) criticized Went’s dye-uptake experiments in that the 
distances penetrated (1 mm. at best) observed by Went could not allow 
conclusions to be drawn. According to this criticism, de Haan’s observa- 
tions, based on the number of cells stained in cross sections of Vicia roots, 
would be even less valid. Prom such considerations, it became of interest 
to repeat Went’s experiments and to test these iSndings with electrical 
measurements. The following descriptions show that Went’s observations 
can be clearly duplicated. 


TABLE I 

BIPOIAR dye uptake in iMfATIEKS CUTTINGS 


Key; 

0 No staining 

2 Sligh-t artaining 

4 Up to 0.5 mm. penetration 

6 1 mm, penetration 

8 1.5 mm. * ‘ 

10 2.0 mm. ' * 

14 3.0 mm. * * 


Dye 

Penetration 

Apex | 

Base 

Negative dyes 



Trypan blue i 

2.0 

3.0 

Light-green ! 

7.0 

0.5 

Methyl blue 

5.0 

2.0 

Methyl orange 

7.0 

2.5 

Congo red (colloidal) 

4.5 

6.5 

Orange-G 

10.0 

1.0 

Average 

6.0 

2.6 

Positive dyes 



Safranin v-.- 

7.0 

9.3 

Methyl violet 

5.0 

11.0 

Neutral red 

3,5 

11.0 

Janus green 

5.0 

9.0 

Bismark brown 

4.0 

9.0 

Thijonin v. 

5.0 

7.0 

Methylene blue 

3.5 

12.5 

Cresyl violet 

4.0 

8.5 

BrilHant eretyl blue 

6.0 

11.0 

IVik blae A' 

8.0 

14.0 

Average 

6.1 

10.2 
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Etiolated Itnpatiens halsamina seedlings grown in sand in tlie dark room 
at constant temperature and hnmidity, were prepared by cutting away the 
cotyledons and the parts underground. Two to three cut hypocotyls were 
placed in upright test tubes filled with the dye solutions in 1 per cent, 
sucrose. The experiments were run in the dark 15 to 24 hours. After this 
time the hypocotyls were removed and examined in daylight, the amounts of 
penetration being noted and recorded as shown in table I. The concentra- 
tions of the dyes used were from 0.1 per cent, down to 0.001 per cent. In 
the case of the basic dyes, the higher concentrations caused more rapid infil- 
tration of the tissue. In the case of the acid dyes, the lower concentrations 
frequently showed little or no staining at the apices and bases of the hypo- 
cotyls. The results of one experiment are summarized in table I, sections 
showing indistinguishable staining or infiltration being discarded. Three 
other experiments, run at other times, showed essentially the same thing, 
so that the table represents a typical case, and a confirmation of Went’s 
experiments. The numerals are represented on the same scale as in Went’s 
tables for purposes of comparison. 

For purposes of comparison, Went’s averages for negative dyes were: 
apex 2.5, base 1.1 ; for positive dyes, apex 2.4, base 3.7. It is noteworthy 
that the greatest penetration Went obtained was, at the most, one milli- 
meter ; while as much as three millimeters penetration was observed in the 
present work. Presumably sucrose in the solutions maintained oxidations 
and kept the tissues in a more normal condition during the time they were 
immersed. 

Ramshobn (68) criticized Went’s conclusions from such dye experi- 
ments, on the ground that actual electrical measurements of Impatiens cut- 
tings showed electropositivity of the cut apices with respect to the cut bases. 
Upon repeating such measurements, measuring the dye uptake at the same 
time, quite the opposite was found. The experiment below is typical : 

Impatiens hypocotyls were cut and placed horizontally with each 
cut end in a cup of the dye solution in Shive’s solution made up to 
1 per cent, in sucrose. Agar-0.1 N KCl bridges from each cup led 
to a 0.1 N KCl solution in a cup in which the side-arm of a Zn-satu- 
rated ZnSO« half-cell could be placed. The potential differences be- 
tween apex and base were measured with the WuijF string elec- 
trometer described later in this paper. Table II shows the potential 
differences (P.D.’s) expressed in millivolts (mv.), the polarity being 
expressed as the sign of the tip with respect to the base. The dye 
penetration is represented in millimeters, the recorded figures being 
the averages. Several (3 to 5) sections were used for each dye solu- 
tion, hence the electric^ measurements represent the average of the 
several cuttings in parallel circuit. The dye concentrations were 0.05 
per cent. All dye-charges were rechecked electrophoreticaUy. Hie 
cuttings varied from 6 to 10 mm. in length. 
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In other experiments, the P-D.’s were read frequently over a period of 
several hours. It was revealed that the apex is at first positive* with respect 
to the base. In two hours after setting up the experiment it is electro- 
negative, and remains so until the tissues appear abnormal (fiaccid), after 
which the P.D. drops toward zero. This time-relation in establishing elec- 
trical polarities will be discussed in more detail under the section on P.D. 
gradients. 

These electrical measurements confirm the dye-uptake experiments, and 
thus the polarity first claimed by Went is real; that is, the apex of the 
Impatiem hypoootyl is electronegative to the base.* 

Bamshorn’s confiicting results may be explained by the time-relations in 
establishing the normal electrical polarity. It will be noticed that the apical 
negativity did not appear at once, but two hours or more elapsed before the 
tip became negative. 

TABLE n 


Measured elbctotcal polabitt and bipolar dvb uptake in /mp ip/bw htpocotyls* 


Btes tjsbd 

Potentials 

Dye UPTAKE 

6: 00 p.m. 

12 HR. LATER 

Apex 

Base 


■ 

mv. 

tnv. 

mtflrn 

mm. 

NegatiTe dyes 





Light'green 

+ 11.0 (tip +) 

-14.0 (tip-) 

1.5 

0.0 

Mefthylblue 

+ 13.0 

- 5.0 

trace 

trace 

Methyl orange 

+ 12.0 

- 7.0 

7.0 

5.0 

Methyl oratige*G 

+ 15.0 

- 5.0 

1.5 

0.0 

Ayerage 

+ 12,7 

- 7.7 

2.4 

1.2 

Positiye dyes 





Safrazdn 

+ 9.0 

- 7.0 

trace 

1.5 

Methyl violet 

+ 7.0 

-12.0 

1.0 

2.0 

Bismark brown 

+ 3.0 

- 3.5 

trace 

trace 

Methylene blue 

+ 1.0 

- 1.5 

0.5 

1.5 

Oresyl violet 

+ 6.5 

- 2.0 

1.0 

2.0 

Brilliant cresyl blue 

+ 9.0 

- 9.0 

trace 

trace 

Niie blue A 

+ 6.0 

- 9,5 

1.2 

2.5 

Anramine 

+ 9.0 

- 6.0 1 

5.0 

7.0 

Average 

+ 6 ^ 

- 6.3 1 

1.1 

2.1 

Controls 

Shivers solution — 

+ 8 

-12 ' 



Crone’s solution 

+ r 

-20 I 

1 



* The hrpocotjrls were cut and placed .in the cups at S ; 00 p.m. (8 per djre) . 

tUs pi^per the ^hBctrieal polaritjr is pressed with respect to the external circnit. 

* 11 ie‘'poa^i]it 7 remains that the electrical polarity revealed by dye uptake and the 
polaii^ meid^ by measurenwuts are alike by eomcidence. 
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2. Measured eijEotbical POLARITY. — 

a. Brief review of the literature. — ^Many attempts have been made to cor- 
relate morphological and physiological polarity with electrical polarity in 
living organisms (c/. Kamshorn, 68 ; and Went, 82) . Child's school (Child 
and Hyman, 17; Hyman and Bellamy, 33) claimed that the regions of 
highest metabolic rate in hydroids (apical regions) may be electronegative 
to other regions: Lund (47, 60), and Lund and Kenyon (63), on the other 
hand, claimed that electrical polarity was dependent upon oxidation-reduc- 
tion potentials (c/. discussion). Usually parts of polar tissues (apical end 
of hy droid stems, onion root tips) having the highest rates of oxidations 
were electropositive to other regions. Ramshorn (68) stated that in seed- 
lings of several different plants, electropositivity was directly linked with 
growth rate, such that potential distributions paralleled growth rate distri- 
butions. Barth (3) showed that in several different hydroids the electrical 
polarity varied, some hydroids exhibiting apical electronegativity while 
others showed positivity. It is difiSeult to make generalities from such con- 
flicting statements. 

In general, the cortex of a root apex is held to be normally electropositive 
to that of the base (Lund and Kenyon, 63; Marsh, 65, 66; Ramshorn, 68). 
In hypocotyls and coleoptiles of seedlings, the apical cortex is said to be 
electropositive to the basal (Ramshorn, 68). In the Douglas fir, the apical 
cortex is as Ramshorn claimed to be the case in seedlings, i.e., electroposi- 
tive with respect to basal; while the apical wood is electronegative to the 
basal (Lund, 48, 49, 61) . In seedlings with intemodes, in general, the nodal 
regions are electropositive to internodal zones; and the total polarity from 
apex (just below cotyledons) to the base of the stem shows an electronega- 
tivity of the tip to base (Rehm, 70; Clark, this paper.) Ramshorn (68), 
on the other hand, claimed the opposite, i.e., that the tip was electropositive 
to the base (of. discussion). 

The following descriptions concern themselves directly with the deter- 
mination of the electrical polarity of the Avena seedling, and of a few other 
seedlings.^ 

b. Methods involved. — In determining the electric potential differences 
(P.D.’s) in Avena, various types of electrodes, contacts, and recording in- 
struments were tried. A Dolezalek electrometer was used as the recording 
instrument at first, but was found to be difficult of manipulation and to have 
too long a period. A Compton electrometer is subject to the same criticism, 
although it is somewhat better than the Dolezalek instrument. Lindemann 
electrometers are too insensitive. A potentiometer is apt to draw some 

^ Reedlings are preferred to mature, green plants because they have been more 
extensively studied, are more quickly obtained, and because they can be used in the dark. 
Light complicates the physiological behavior. 
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Pig. 1. String electrometer circuit. Key ; 

B Six 45- volt heavy-duty Burgess B-batteries (long shelf -life) 

C Oopper-tube shieldixi® for fiber lead 

B 1.5-volt dry cell battery 

F Platinum fiber (0.001 mm. diam.) 

G 760,000-ohm wire-wound grid leaks 

GB Ground 

H Oonstant t^perature housing 

K Key 

Ii Beads to unknown P.B. 

P Plates 

P.A. Plate adjustments 

Q Quarts fiber spring 

XOyOOO-ohm Taxlcy wire-wound potentiometer 
Bjj, B^ 25,000-ohm Yaxley wire-wound potentiometers 
750-ohm Yaxley wire-wound xM>te»tiometer 
SO-ohm Yaxley wire-wound x>otentiometer 
B Oeresin-eovered mercury-in-paraffin switches 

Bppley standard eell 
Tension adjustment 

0.1-10, OOO-ohm plug-type Welch voH box 
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current from the living tissues. Hence a Wulp string electrometer^ con- 
structed in the shops of this institute, was employed for the majority of 
the measurements (c/. Wulf, 84). Figure 1 represents the hook-up* 

The sensitivity of the instrument in its final adjustment was more than 
one millimeter scale-deflection per millivolt with a scale-distance of one 
meter. Its period was about one second at lower sensitivities. The sensi- 
tivity depended upon the diameter of the string (platinum fiber 0.001 mm. 
in diameter), its tension, the distance between the plates, and the voltage 
across the plates. At higher sensitivity, damping increased the period to 
about three seconds. (This could be avoided by housing the instrument 
in a vacuum). The calibration curves approximated a straight line and 
remained constant for weeks at a time when the instrument was kept dry 
and at constant temperature. Because of the constant calibration and 
rapidity of motion of the string, readings could be made rapidly and 
accurately. 

The distribution of potentials in the Avena seedling was first studied by 
moving contacts up and down the plant. Chambers’s micromanipulators 
(40-pitch threading) were employed to move the electrode contacts. 

Electrodes of various types were tried. It was found that bright or 
platinized platinum electrodes, however cleaned, gave non-reproducible read- 
ings, presumably because they were easily unpoised (c/. Gicklhorn, 26; 
l^MRATH, 77 ; Dorfman, 24) . Ag-AgCl wire loops or claws serving as con- 
tacts gave reproducible readings for a while, but demanded frequent re- 
plating. Quartz capillaries filled with fresh coagulated egg-white into 
which Ag-AgCl wire electrodes were set, gave reproducible readings. These 
were used for obtaining the internal distribution of P.D. ’s. The gradients 
obtained with the Ag-AgCl loops and the quartz micro-electrodes, in general, 
gave similar results, these results being statistically comparable with those 
obtained with the more refined glass contacts and unpolarizable electrodes, 
although there was less constancy. The electrodes finally used for most of 
the measurements were Zn-saturated ZnS 04 half -cells (c/. fig. 2). These 
remained iso-electric for months at a time. The types of contacts used in 
conjunction with these electrodes were varied. Usually the electrode was 
placed in a glass cup filled with the liquid used to make contact with the 
plant. A glass side-arm connected this electrode cup to the plant. At the 
point of contact, the side arm was fashioned into a small glass claw or loop, 
through which the plant led. The glass parts did not usually touch the 
plant, a meniscus of contact fluid performing this function. Tap water, 
KCl solutions, distilled water, and various nutrient solutions used in the 
glass contacts made no difference in the values obtained, if the same fluid 
was used in all contacts (c/. Eehm, 69). Amlong (1) showed that geo- 
eleetric P.D. ^s in plants depend upon the concentration of the contact fluids. 
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The effects of concentration were ‘not determined in the present work, but 
it was assumed that the PJD’s measured were not a function of the ionic 
species of the solution, since any of the solutions gave the same polarity, and 
approximately the same magnitude of P.D. (c/. Behu). The type of con- 
tact used for such measurements is seen in figure 2. 



Fio. 2. Diagram of electrode and glass contacts used in measuring the P.D. of 
Arena eoleoptiles. 

A variation of this type of contact consisted in the use of a cotton or 
linen thread which was made wet by being threaded through the side arm 
of the electrode cup to the fluid in the cup. This thread then could either 
be wrapped around the part of the plant being studied, or could merely 
touch it (Rbhm, 09, 70) . Such threads maintained an isoelectric condition 
satisfactorily if they were occasionally washed. 

The most useful type of contact, shown in figure 3, consisted in the fol- 
lowing: Long, thin agar threads (made up of 2 per cent, agar in tap water, 
distilled water, 0.1 N KCl, Shive’s, Ckone’s, or Hoaoland’s solution), 0.5 
mm. or less in diameter, were made to hang from paraffined glass capillaries 
filled with the same agar. This was done by pushing an agar-filled capillary 
into more of the same agar, thus partly displacing the agar in the capillary 
as a thread. These capillaries were set in larger paraffined glass tubes 
filled with the same agar, which in turn were mounted in upright rows in a 
moist chamber. The glass tubes filled with agar led outside the chamber to 
paraffined electrode cops filled with the solution of which the agar was made. 
Za^-ZHiSOf electrodes were placed in these cups. T}ie agar threads hang- 
ing front the capillaries made contact to seedlings in the moist chamber. 
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dark room proved to be a stimulus.^ Plants left in complete darkness gave 
variable P.D. 's as soon as this light was again turned on. Again, if two con- 
tacts were left on the plant in a fixed position, one at the tip and the other 
at the base of the coleoptile, and the plant left in complete darkness, con- 



Fia. 4. Changes in P.D. of Avena coleoptiles produced by manipulation of contacts. 

stancy of the P.D. was established only after an average time of 110 minutes. 
This constancy was abolished occasionally by the appearance of rhythmical 
P .D. changes, due probably to growth of the coleoptile up through the con- 
tacts, and also due to nutations which cause rubbing against the glass of the 
contacts. Clean glass adheres rather strongly to the Avena coleoptile 
cuticle, and considerable stimulation is caused by such movements. This 
rhythmical effect was avoided by the use of glass contacts dipped into 15 
per cent, gelatin, thereby rendering the contacts slippery to the cuticle, or 
by recourse to the agar thread technique described above.® 

« The light used to illumitiate the dark room was filtered through a Corning filter no. 
348, vhieh eut out all wave-lengths below 575 m^. No phototropism occurred in this 
light. 

« Stimistion by eontact Is discussed by Prsrrsa (66). 
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To obtain the normal P.D. distribution in the coleoptile, therefore, four 
fixed eontaets were made to the plant (cf. fig. 2, A, B, 0, D, and fig. 8). The 
plants were left in complete darkness. After constancy of P.D.'s obtained 
(80-120 minutes), the P.D. distribution could be easily and quickly deter- 
mined. Figure 5 A represents the relative constancy of the P.D. between 
tip and base of Avena coleoptiles with fixed, gelatin-dipped glass electrodes ; 
while figure 5 B represents the same type of experiment in which, however, 
the contacts were not gelatin-dipped. 

Figure 5 C shows the much greater constancy obtained when the agar- 
thread contact method was used. The constancy lasts several hours. The 
figure has fewer points than either 5 A or B, but that no changes occur 
between the points has been verified by many other determinations. 



Fig. 5. P.D. beti^een apex and base of Aiena. 

A. P.D. between apex and base of the A vena coleoptile, on using glass contacts dipped 
in gelatin. 

B. P.D. between apex and base of Avena coleoptile, on using contacts not gelatin 
dipped. 

C. Establishment of constant P.D. between a|>cx and base of Avena coleoptile using 
agat'String contacts. 
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Figure 6 A illustrates the electrical polarity and P.D. distribution in the 
Avem coleoptile of intact plants as determined with the four fixed, gelatin- 
dipped glass contacts, the plant being in total darkness, and constancy hav- 
ing been obtained. The electrode cups each contained a Zn-ZnS 04 elec- 
trode, each of which was isoelectric to all the others both before and after 
each experiment. The P.D. between each contact position to the plant was 
obtained by manipulation of mercury-in-parafSn switches outside the experi- 
mental chamber in which the plants were housed. Figure 6 B illustrates a 
similar gradient taken with only two glass contacts, the basal contact being 
fixed, and the apical contact being moved toward the base by means of the 
micro-manipulators. Every few mm., a reading was taken. After the con- 
tacts touched each other, the apical contact was again moved upward, read- 
ings being taken every 5 mm. The movements of such fluid contacts up and 
down the coleoptile did not wet the surface and thus invite electrical shunt- 
ing (c/. Rosene, 71), because of the fatty nature of the cuticle. It will be 
noticed that the gradient taken by the manipulation down the coleoptile 
differs from that taken on moving the contact back up the coleoptile. After 
such manipulations it is found that the P.D. ’s vary considerably, and some- 
times the polarity is reversed for considerable time (c/. figure 4). Figure 

tlECTSICAt. AOtARITY AND PISTRIBUTIQW UL AVENA 





J'M. 6. Electrical polarity and F.D. distribution in tlie Avena coleoptile with various 
l^aiftaets andi arrangements. 
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6 C represents a similar (arradient, the contacts in this case being four fixed 
agar threads as described above. The three curves in C represent three 
gradients taken on the same plant at different times, showing that the P.D. 
distribution remained constant for a considerable time. Figure 6 D repre- 
sents the P.D. distribution calculated from the individual P.D.’s of cut- 
jsections of a coleoptile (c/. section on P.D.’s of cut sections). In all of these 
curves, electronegativity of the tip is represented on the ordinates, and the 
length of the coleoptile is represented on the abscissae, A, B, C, and D rep- 
resenting points of contact to the coleoptile from tip to base. The potential 
at D is taken as the reference zero. The P.D. from A to D is always equal 
to the sum AB + BC + CD. 

From the above experiments it is clear that the tip of the Avena coleop- 
tile is normally electronegative to the base. 

d. Electrical polarity and P.B. distribution in Pisum, Impatiens, and 
Zea. — Pisum sativum seedlings were studied for the normal electrical polar- 
ity and P.D. distribution. Contacts were made to etiolated plants with the 
linen threads previously described, the threads being wrapped around the 
zone to be measured. There were several electrode contacts to each plant, 
represented by the positions on the abscissae corresponding to the points 
plotted in figure 7 A, 1, 2, 3. The P.D. obtained between each con- 
tact was found to be fairly constant for several hours at a time 
The measurements were made in the darkroom in weak red light. Figure 

7 A represents typical gradients. It will be noticed that nodal zones are 
electropositive to the internodal zones, and that there exists an electronega- 
tivity of the tip with respect to more basal regions. This confirms Eehm's 
(70) findings on Pha^seolns, and disagrees with Ramshobn^s (68) finding 
that tlie tips of Asparagus seedlings are electropositive to the basal regions, 
although the nodal zones were positive to internodal zones. 

Etiolated Impatuns balsamina seedlings were set up in the same way as 
Pisum seedlings w'ere, and the P.D. distribution recorded. The hypocotyls 
are without nodes, and the plants were only seven centimeters in height. 
Figure 7 B represents the distribution found. 

Zea mays seedlings 5 to 7 cm. in height were set up in the same way as 
has been described for the Avena seedlings, four fixed contacts being made 
by means of agar threads. The polarity and P.D. distributions found cor- 
responded very closely with those recorded for Avena, 

It is concluded from these observations that in Pisum, Impatiens, and 
Zea, the tip of the etiolated seedling is normally electronegative to the basal 
regions. This shows that the electrical polarity of the Avena coleoptile is 
not unique in its apical negativity. 

6. Internal electrical polarity in the Avena coleoptile, — The above dis- 
cussion concerns the electrical polarity and P.D. distribution measured on 
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Fig. 7. Electrical polarity and P.D. distribution in Fisum sativum and Impatiens 
balsamina. 

the cuticle, thus the external polarity. It is conceivable that the distribution 
of internal P.D.’s might be different, as suggested by Lund^s (49, 61) find- 
ings in the Douglas fir. Here the apical wood was electronegative to basal 
wood, while the apical cortex was electropositive to basal. For this reason 
a few experiments were performed on the Avena coleoptile, in which the 
P.D. distribution beneath the cuticle was examined. Quartz microelectrodes 
(cf. descriptions in this paper) were inserted in coleoptiles by means of 
mieromanipulators, and the electrical polarity was measured. The elec- 
trodes are illustrated in figure 6. They maintained an isoelectric condition 
very satisfactorily for two or three hours. Figure 8 A shows the P.D. 
between two such electrodes inserted in a coleoptile. One electrode was 
inserted in the wall of the coleoptile at the apex, and one at the base, both 
elef^odes being in the same side-wall, but being inserted from opposite sides 
^of the coleopliile. Traumatropisms toward the sites of insertion occurred 
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after about 30 minutes, as diagrammed in figure 8 A. Immediately after 
insertion, the apex of the eoleoptile became electropositive to the base, but 
after 20 or 30 minutes, as seen in figure 8 A, the tip became negative. It 
was considered impracticable to insert several such electrodes, or to reinsert 
the same two electrodes at several difl?erent loci on the eoleoptile in order to 
obtain the P.D. distribution. This would have resulted in even more P.D. 
variation than is depicted in the figure ; hence, in order to obtain the distri- 
bution of internal P.D.% a different technique was employed. Several 
longitudinal slits were made down the eoleoptile using a sharp razor. Each 
slit had its counterpart on the opposite side of the eoleoptile in order to com- 
pensate the wounding effects. Such coleoptiles will remain straight, whereas 
the ones in which the microelectrodes were inserted showed traumatropisms. 
Glass-loop contacts, such as were described above, made contact with the 
plant, one at the tip and one at the base of the eoleoptile. The basal contact 
was racked up the eoleoptile toward the apex by means of the micro- 
manipulator. When a contact was centered over a slit, presumably the 
potential internal to the cuticle was measured. Figure 8 C shows the dis- 
tributions obtained in this way. The vertical lines, a, b, c, d, and e repre- 
sent the loci of the slits in the eoleoptile. Curve I represents the distribu- 
tion obtained by racking the basal contact up to the apex, whereas curve 2 
represents the distribution obtained by racking it back down a few minutes 
later. Curve 3 represents the distribution obtained by racking it back up 
20 minutes later. Figure 8 B illustrates the changes in P.D. between the 
apex and base of the eoleoptile before and after each distribution was deter- 
mined. It will be noticed in curve 2 of figure 8 C, that the readings were 
taken with the contacts centered on the slits. The distribution is very simi- 
lar to that obtained on the intact cuticle. Curve 1 shows the same thing, 
with the exception that one contact was centered between two slits, thus on 
the intact cuticle (between d and e). Curve 3 shows the type of curve 
obtained when no attention was paid to the position of contacts with respect 
to slits, fa., the distribution was taken at more frequent loci, regardless of 
the slit positions. The general electrical polarity is the same as that on the 
intact cuticle, but the curves are not smooth. This indicates a radial P.D. 
between cuticle and the internal tissues. The curves are smooth if contacts 
and slits coincide. 

The following section (f ) will show that cut sections are of the same elec- 
trical polarity as has just been described ; and, as seen in figure 6, the sum 
of the section P.D.’s of a eoleoptile give a P.D. distribution for the eoleoptile 
which is comparable to that in an intact plant. 

The evidence presented indicates that the distribution of internal P.D.^s 
in the Avena eoleoptile is the same as that on the outside (cuticle). The 
polarity is the same, i.e., the tip is electronegative to the base. 
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Pig. 8. The internal electrical polarity and distribution of internal P.D/s in the 
Avena eoleoptile. 

f , Electrical polaHty of cut sections , — The P.D. and electrical polarity 
of cut sections of the Avena eoleoptile were then determined in several dif- 
ferent ways. One method involved cutting the sections with two parallel 
razor blades separated by a brass strip. The cut surfaces were washed by 
placing the sections upright on wet filter paper for an hour. The sections 
were then carefully transferred to the experimental chamber, using eye- 
forceps. Contact was made to individual sections with the agar-thread 
method, or with agar strips. 0.1 N KCl agar was used in most cases. The 
strips or threads led through paraflBned glass tubes to electrode cups outside 
the chamber. Zn-ZiiS 04 electrodes were placed in these cups, and the 
P.D/s measured. The chamber was maintained at a high vapor pressure 
by means of strips of moist filter paper. 

j^everal hundred measurements on 3-mm. sections revealed that the cut 
apical jwpface was always electronegative to the cut basal surface from 1 
to 15 mv«i the magnitudes depending upon the time at which the 
meaatirements were made. 
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Another meth^ involved placing from 12 to 20 sections on an agar block, 
and placing a similar ^ar block on the tops of the sections. 0.1 N KCl agar 
^rips made contact with these blocks and to the cups outside the chamber. 
Here, therefore, the average P.D. of several sections in parallel was measured. 
The same result was obtained, t.e., apical negativity. This latter method will 
be discussed again in a later paper. 

A third method involved making contact with several places on longer 
sections with agar threads held in place with a drop of gelatin, as described 
in an earlier section of this paper. The cut surfaces were usually electro- 
negative to the intact cuticle (another indication of a “radial” polarity), 
but the apical cut surface was always negative to the basal cut surface. 

Using the method by which 20 sections were measured in parallel at the 
same time, the relation of the length of the section to the P.D. of the section 
was determined. It was usually found that time was required before the 
maximum P.D. was established (Presumably this was due to the 
of ions from the sections into the agar blocks). For this reason, the P.D.’s 
were allowed to reach their maximum values before plotting against length. 
This time function was more pronounced in longer sections. Figure 9 



Pig. 9. The relation of section length to P.D. 


shows the length of the section in millimeters plotted against P.D. in milli* 
volts, after this maximum P.D. had been reached in all sections (5 hours). 

In the section on P.D. distribution in intact plants (fig, 6), it was seen 
that the sum of the several P.D.’s along a coleoptile was equal to that 
measured from apical contact to basal contact. In figure 9 it is seen that 
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this principle of summation agaih holds, since the magnitude of the P.D. 
of cut* sections is directly proportional to the length of the section. (Cf. 
Lund, 47 , 61 , and Eosene, 71 , on the principle of summation of P.D.’s.) 

Cut sections of Vicia faia and of Pisum sativum showed the same elec- 
trical polarity as Avena coleoptile sections. In the section on dye-uptake, 
it was seen that Impatiens cuttings also showed apical negativity. Thus the 
phenomenon seems quite general. In Vicia and Pisum, the P.D. magnitudes 
varied from a few millivolts to 30 or 40 millivolts, depending upon the length 
of the section. 

g. Geoelectric effect, — ^During the measurements of section P.D.’s, it was 
noticed that inverted sections exhibited an inverted electrical polarity. A 
section seemed to show negativity of the end oriented upward regardless of 
whether this end was morphological tip or base. 

The experimental procedure usually consisted in inverting single sections 
and measuring the individual P.D.’s of these sections, or by placing 12 to 
20 sections on one agar block, making contact with this block and with the 
other cut surface with a similar agar block, thus obtaining the average P.D. 's 
of the lot of sections in parallel. Measurements were made immediately, 
when possible, upon inverting the sections. The polarity of the inverted 
sections showed an immediate inversion of electrical polarity. The time 
relations of the inversion have not been carefully studied, but the establisli- 
ment of the inverted polarity seemed to take less time than the geoelectric 
effects of Brauneb ( 13 ). It was noticed, however, that this geoelectric effect 
was not maintained indefinitely, particularly in the shorter sections. The 
original polarity (apical negativity) returned within 60 to 120 minutes, 
depending upon the length of the sections. Figure 10 A shows the course 
of the P,D. ’s of inverted sections during a period of time. The sections were 
cut at 9 :30 A.M. and placed on wet filter paper in an inverted position. The 
experiment was set up at 11 :30 a.m., the first readings being taken at 11 :40 
A.M. During this time, the inverted polarity had attained a considerable 
magnitude. 

Figure 10 A, curve 1, shows the change in P.D. of control upright 3-mm. 
sections. They exhibit normal apical negativity. Curve 2 is for inverted 
sections 3 mm. in length ; curve 3, 5 mm. ; curve 4, 7 mm. in length. It is 
seen that the longer the sections, the greater the magnitude of the inverted 
polarity ; and that the greater the magnitude of this inverted polarity, the 
longer the time necessary to reestablish the normal polarity. The abscissae 
are in hours after cutting the sections. Figure 10 B represents data from 
the same experiment. The P.D.’s of sections with inverted polarity are 
plotted against the length of the sections in millimeters. The P.D. values 
used are those of maximum magnitude, Le,, at the first measurements, as 
represented on the zero ordinate of figure 10 A. It is seen that a nearly 
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RELATION OF RO. TO LENGTH W INVERTED SECTIONS 



direct proportionality exists between length and the P.D.’s of inverted polar- 
ity, thus indicating a similarity to upright sections which exhibit the same 
direct proportionality. 

The possibility remains that the normal polarity of upright sections of 
plants is partly a result of the position of the plant or section with respect 
to gravity, i,e,, that the electrical polarity is, partly, a geoelectric effect. 
This scheme is complicated by the return to normal polarity with time. It 
is not known what the effect of inverting intact plants, e.g,, roots or shoots, 
has on their electrical polarity. This problem is being investigated. The 
establishment of positivity of the under side of inverted sections recalls to 
mind the similar establishment of positivity of the under side of horizontally- 
placed plants (Brauner 13). 

That the geoelectric polarity or inverted polarity is not a phenomenon 
confined to Avena sections was shown by the fact that 5-mm. inverted Pisum 
sections developed the inverted polarity. In this case, however, more time 
was required to establish the inversion. On first inverting, the polarity was 
found to be inverted a few millivolts, the maximum inverted polarity becom- 
ing established only after 3 or 4 hours. Since Brauner (14) showed that 
the geoelectrie effect varied in the seed coat of various plants, depending 
upon the membrane structure, this is not surprising. It is likely that other 
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plant sections would exhibit their own peculiarities. This individuality was 
also observed by Bbauneb (13) for geoelectric effects in horizontally placed 
plants. 

From the section f on electrical polarity, it was concluded that the nor- 
mal, inherent electrical polarity of intact plants and cut sections of Avem, 
Zea, Pimm, and Impatiens was an electronegativity of the apical parts with 
respect to more basal parts. This polarity exists internally as well as exter- 
nally, and is not directly related to growth. 

Discussion and conclusions 

It has been experimentally demonstrated that the normal electrical polar- 
ity of several seedlings is an electronegativity of tip to base. Several views 
are held as to the mechanism of the origin of this electrical polarity. 

Lund (47) has claimed that electrical polarity is the result of oxidation- 
reduction potentials such that usually, but not necessarily, regions of highest 
rates of oxidation are electropositive to other regions (or, in the thermo- 
dynamic sense of red-ox potentials, the ratios of oxidant to reductant are 
different in the different ends of the structure concerned). A detailed dis- 
cussion of the theory is out of place at this time (Lund, 60) , but certainly 
the theory is thrown into doubt by the fact that red-ox potentials can be 
measured only by indifferent electrodes, and not by non-polarizable elec- 
trodes such as used by Lund. Francis (26), Beutnee and Lozner (6), 
Bahshobn (68), Stern (76), and Dorpman (23, 24), have all criticized 
Lund’s theory on this basis. Stern (76) and Marsh (66) stated that if the 
living membranes, to which Lund made contact with non-polarizable elec- 
trodes, acted as indifferent, metallic conducting electrodes, the P.D. measured 
could be the same as Lund’s hypothetical oxidation-reduction chain inter- 
posed between the contacts. While it is improbable that these membranes 
act as metallic conductors, yet the possibility remains that they may do so.' 

Bioelectric potentials, as linked with oxidative processes, can be explained 
by other mechanisms as well as by oxidation-reduction potentials (Stern, 
76 ; Dorpman, 23, 24 ; Beutner and Lozner, 6 ; Francis, 26) . Most of these 
explanations are based on the effects of oxidations on diffusion potentials or 
membrane potentials. 

The oxidation-reduction polarity theory, moreover, is thrown into doubt 
by the experiments of Dorpman (23, 24), who showed that the oxidation- 
reduction polarity of the frog's egg was opposite in sign to the bioeleotrical 
polarity measured with non-polarizable electrodes. 

1 SCHOfiT and Bobsook (72) have sboim the possibility of metallic electron conduction 
between em^me centers in B . eoli. Fkccheb (dissertation, tTnirersity of Chicago, 198A) 
demonatraiMl tbe possibility of electron conduction in membranes which are comxmscd of 
eondnetem of the second eliws (LUiLie, 44). 
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The bioeleetrical polarity of the Avem, coleoptile is certainly not directly 
linked with respiration in the different regions of the coleoptile, since 
Bonner ( 6 ) showed that there was no distribution of respiration in this 
organ. Moreover, from data to be published shortly, reduced ascorbic acid 
(vitamin C) is found in highest concentration in the apex of the 
coleoptile, the concentration decreasing basally (cystine, cystein, and gluta- 
thione are not present). It was also indicated that the reverse relation held 
for the distribution of oxidized ascorbic acid. This does not conform with 
Lund^s oxidation-reduction polarity (Lund, 60), since by this theory, the 
tip would usually be electropositive. This is assuming, however, that the 
oxidation-reduction potentials of ascorbic acid could play a part in the elec- 
trical polarity. (For exceptions to this polarity rule, see Lund, 60). 

With regard to the disagreement between the findings presented in this 
paper and those described by Ramshorn (68), the following discussion 
becomes pertinent : Ramshorn made measurements of the electrical polarity 
of several different seedlings and roots, and showed a parallelism between 
growth and electropositivity. Regions of highest growth-rate were electro- 
positive to other regions. Temperature changed both in the same way, and 
applied potentials accelerated growth if the applied polarity coincided with 
the measured inherent polarity; and, conversely, inhibited growth if the 
polarities were opposed. On page 741 of his paper, Ramshorn presents a 
series of curves of the gradient of electric potentials from tip to base in 
Helianthus hypocotyls after stimulation by shaking. After stimulation, the 
tip became electronegative to the base presumably within a few seconds. In 
15 minutes the tip became electropositive, and in 75 minutes the magnitude 
of this positivity had diminished only a few millivolts. This roughly con- 
firms Lund's (62) finding that the electropositivity of the apex of the Doug- 
las fir decreases or that the tip even becomes negative on mechanical stimu- 
lation. 

In the present study of the Avena coleoptile, reliable constancy of P.D.'s 
was not obtained until 90 to 110 minutes after setting up the experiment, 
as much care as possible being taken not to stimulate the plants during this 
operation. Moreover, constancy was not good unless the plants were in com- 
l)lete darkness; and manipulation of contacts from point to point involved 
considerable stimulation. 

Ramshorn ' s correlation between growth and electrical polarity might, 
in my opinion, suffer a reversal in some cases, particularly in Avena, if the 
time relations, contact manipulation, and light conditions of his experiments 
were reinvestigated, especially with regard to the constancy of observed 
P.D. 's over longer periods of time. 

Barth (3, 4) observed that apical positivity and organic polarity in 
the hydroids are not correlated, but that either apical or basal positivity 
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may be correlated with organic polarity, depending on the hydroid used. 
This lends no support to Eamshorn^s positivity theory ; nor do Rbhm^s (70) 
measurements on Phaseolus, in which he found the tip of the plant electro- 
negative to the basal regions. 

CzAJA (21) says that the auxin-transport itself electrically polarises the 
plant, thus roughly supporting Ramshorn's statement that auxin changes 
the P.D.’s and growth rate. Czaja, however, is largely theoretical in his 
consideration, and bases his assumptions on results obtained with unphysio- 
logical concentrations of auxin. In the light of unpublished experiments 
of my own, the effect of auxin on plant potentials is a real one, but possibly 
one not closely linked with the normal inherent polarity. De Haan (30) 
is also of this opinion. 

Experiments on the effect of gravity on the Avena coleoptile P.p. 's have 
revealed that the electrical polarity can be changed or inverted by inverting 
their morphological axes. This polarity inversion is not permanent, the 
original polarity returning. Hence ‘^normar’ electrical polarity is not 
exclusively and directly caused by geoelectric potentials; but it is possible 
that they are contributing factors. This possibility is being examined. 

The mechanism of the origin of electrical polarity might be linked with 
the phenomenon of polar conductance observed, e.p., by Brauner ( 14 ), 
Metzner (69), and Guha (29). Plant tissues have been shown to exhibit 
a selective ionic permeability so that an electric current is conducted more 
easily in one direction than in the other. Investigations are under way to 
see if there is any relation between polar conductance, electrical polarity, 
and polar transport of auxin. 


Summary 

1, Theories of the cause of polar transport of auxin in plants are dis- 
cussed. The electrical theory has been accepted by many workers as one of 
the most plausible (c/. second paper, following issue of Plant Physiology). 

2. Wentzs bipolar dye-uptake experiments on Impatiens cuttings, used 
to substantiate his electrical transport theory, are repeated and confirmed. 
Positively charged dyes are taken up most by bases, negatively charged dyes 
by apices, of Impatiens cuttings. This is in agreement with the fact that 
electrical measurements show that Impatiens cuttings have apical electro- 
negativity. 

8. Intact Avena and Zea coleoptiles, Pisum stems, and Impatiens hypo- 
eotyla exhibit apical negativity when constancy of P,D. measurements is 
obtaiiied. Various methods of measuring this polarity are discussed. 

4- Out sections of Avena and Zea coleoptiles, and of Pisum and Vicia 
sterna exhibit the same polarity found in Impatiens cuttings, i.e., apical nega- 
tivity. is required to establish this polarity. The P.D.’s of sections 

are directly proportional to the length of the sections. 
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6. The internal electrical polarity of the Avena coleoptile is the same as 
the external. 

6. Inverting sections inverts their electrical polarity, i.e., the morpho- 
logical apices become electropositive to the bases. This inverted polarity 
disappears with time. It is proportional to the length of the sections as in 
the case of upright sections; and the time of disappearance of the inverted 
polarity is proportional to the length of the sections. 

Calipornu Institute op Technology 
Pasadena, California 
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EFFECT OF ETHYLENE AND CERTAIN METABOLIC GASES 
UPON RESPIRATION AND RIPENING OF PEARS 
BEFORE AND AFTER COLD STORAGE 

Elmsb Hansen and Henry Hartman 
(with five figures) 

Introduction 

Previous work by the writers (6) has shown that the ripening rate of 
newly picked pears can be markedly stimulated by ethylene or gases of 
similar properties naturally evolved, but fruit treated after being held for 
prolonged periods of cold storage is not similarly affected. As a tentative 
explanation of these differences, it was suggested that the effects of ethylene 
are confined to a pre-ripening period, and later ripening changes apparently 
are unaffected by the presence of the gas in the atmosphere surrounding the 
fruit. These observations are in agreement with those previously reported 
by Kidd and West (1) for apples. 

The present investigation was undertaken to further study the effects of 
naturally occurring ethylene upon the ripening processes in pears and to 
more definitely determine if there is a stage in the life of the fruit when 
treatment with this gas is most effective. 

Material and Methods 

The varieties of fruits used in these experiments were Bartlett, Bose, 
Comice, and Anjou pears. AVith the exception of the first mentioned variety, 
these were grown in the Medford (Oregon) district. Fruit intended for 
treatment immediately after picking was gathered at approximately ten-day 
intervals, beginning a month or more prior to and extending considerably 
beyond the regular commercial harvest season. Fruit intended for storage 
studies was picked at one date when the proper picking stage for the variety 
had been reached. 

Immediately after picking or removal from storage, a pressure test was 
taken of each lot, w^hich was then subdivided into two duplicate lots of 10 to 
15 pears each. These were weighed, placed in five-gallon glass jars provided 
with air-tight lids, fitted with inlet and outlet tubes. 

To prevent any accumulation of gases that might be effective in stimu- 
lating ripening of fruit within the containers, the untreated lots were pro- 
vided with constant aeration in the following manner : An air line with an 
inlet to a fresh air supply was installed in the ripening room. The jars con- 
taining the untreated samples were connected to outlets on the air line and 
continuous ventilation w^as provided by means of a vacuum pump operating 
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on the reverse end. The incoming air before passing over the fruit was 
brought to room temperature and conditioned for humidity by passing 
through a five-foot length of pipe and finally bubbling through one-half inch 
of water maintained at room temperature. 

The treated fruit was supported in the jars on a false bottom, permitting 
the use of a 15 per cent. KOH solution beneath to absorb the carbon dioxide 
evolved and to maintain a humidity comparable to that in the ventilated 
jars. Atmospheric concentration of oxygen was maintained by the addition 
of pure oxygen from a constant water level siphon. In those lots treated 
with ethylene artificially applied, the concentration of gas used, in all cases, 
was one part by volume to 1000 parts of air. In the tests with naturally 
evolved gases, three or four ripe pears were enclosed in the jar together with 
the fruit to be ripened. The fruit was kept in the containers continuously 
during the time of treatment except for a period of one to two hours daily 
when removed to determine the rate of respiration. In the cases where 
ethylene was applied, the gas was replenished after each removal of the fruit 
from the jars. The KOH solutions were renewed often enough to assure 
efficient absorption of carbon dioxide. 

Respiration determinations were conducted in a room maintained at a 
temperature of 65® F. Although thermograph records showed in some cases 
a variation of two to three degrees, this -was not considered to have materially 
affected the differences in rate of respiration observed between treated and 
untreated lots, since both were always subject to the same temperature 
changes. The method of Harding, Maney, and Plagge (7), with slight 
modifications, was used for carbon dioxide determinations. The carbon 
dioxide was absorbed in 0.15 N barium hydroxide and titrated directly with 
the N/10 hydrochloric acid, using thymolphthalein as indicator. Deter- 
minations were made daily for a period of seven to nine days with the stor- 
age series, but with newdy-picked fruit this period was considerably extended 
because of the longer period of time required for ripening. At the end of 
the experiment, loss in weight for each lot was determined. 

The rate of ripening of treated and untreated lots was determined by 
the comparative softness of the flesh as indicated by the Oregon pressure 
tester, and by the number of days required for the fruit to attain an edible 
condition. With the newly picked fruit, where carbon dioxide determina- 
tions were extended in some eases over a period of thirty days or more, the 
number of days required for ripening only was used as an index of ripening 
rate. With the storage series, a pressure test was made on one-half of both 
treated and untreated lots at the end of nine days and the remainder kept 
to determine the number of days required for ripening. If the fruit was 
ripe before the expiration of nine days, the entire sample was used for a 
pr^ure test. 
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Experimental results 

I. Effect op naturally evolved gases and op ethylene artificially 
APPLIED upon respiration AND RIPENING OP NEWLY- PICKED FRUIT 

Selection op samples and treatment. — The samples of each variety 
used in the experiments with newly-picked fruit were selected from single 
trees and represented the average size of the fruit at the time of gathering. 
The first two pickings of Bartlett were made approximately two months 
prior to the commercial harvest season, but because of the small size and 
undeveloped condition of these fruits no treated lots were included. The 
data are presented, hov ever, to show the trend in respiration at this early 
period in the season. A sample of the third picking was treated with 
ethylene gas, since no ripe pears were available at that time, but all subse- 
quent lots of newly-picked fruit to be treated were inclosed with ripe pears 
as indicated in the general methods. 

TABLE I 

ErrECT OP ripe pruit upon the ripening op newly picked Bartlett, Anjou, 

AND Comice pears 



Bate 

picked 

Days required por 

Dipperence in 

Variety 

ripening 

DAYS REQUIRED 


Treated 

Untreated | 

POR RIPENING 



r 7-22* 

8 

20 

12 

Bartlett 


8-20 

8 

14 

6 


9-4 

7 

12 

5 



9-17 

6 

8 

2 



r 8-16 

20 

t 


Cornice 1 


8—30 

15 

t 

1 

19 

*< 

9-20 1 

11 

30 ! 



10-8 

8 

15 

7 


f 8-16 

18 

t 


Anjou 

1 

1 

1 

1 8-30 

1 9-16 

12 

12 

t 1 

35 

23 


[10-8 

8 

15 

7 


* Treated with ethylene, 
t Failed to ripen in 30 days. 


Effect upon rate op ripening 

That the gas produced by ripe pears does have a very pronounced effect 
upon the ripening of newly-picked fruit is evident from these studies. As 
shown in table I, the treated lots, subjected to the influence of several ripe 
pears in closed containers, ripened in comparatively short periods of time. 
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Duplicate lots, however, that were not subjected to the influence of ripe 
fruit, but kept under constant ventilation with fresh air, either failed to 
ripen or were markedly delayed beyond the time required for ripening of 
the treated fruit. 

But it is clearly evident from the results obtained that while the period 
required for ripening can be significantly reduced by these naturally occur- 
ring emanations, the magnitude of the decrease obtained depends upon the 
degree of maturity of the fruit at the time of picking. Thus, with an early 
picking of immature Bartlett, there was a difference of 12 days between the 
ripening time of treated and untreated lots. With post-mature fruit, how- 
ever, the ripening period of the treated lot was only two days less than that 
of the untreated. Similar results were observed with Anjou and Comice 
pears. These varieties respond to ethylene over a longer period, however, 
than do Bartlett. Eeference to table I shows that while both of these varie- 
ties were markedly affected in rate of ripening by the emanations from ripe 
pears, the greatest response was obtained in those lots picked early in the 
season. Thus, the treated fruit of the first pickings ripened in 15 to 18 
days, while the untreated lots failed to ripen in 30 days and the condition of 
the fruit at that time was such as to indicate that ripening would be delayed 
indefinitely. Later pickings showed decreasingly smaller differences in the 
ripening time between treated and untreated lots. Post-mature samples, 
however, picked three weeks after the commercial season still showed seven 
days’ difference between treated and untreated lots. 

Effect upon respiration 

The increase in the rate of ripening of the treated fruit was accompanied 
by a marked and rapid increase in respiration (figs. 1, 2, 3). The gases 
evolved by ripe pears inclosed with the unripened fruit had the same effect 
in stimulating respiration as did ethylene added to the containers. In the 
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untreated lots no similar inerease in respiration occurred until after a de- 
layed period of time. The length of this delay, however, was considerably 
longer with early- than with late-picked fruit, and appeared, therefore, to 
be associated with the maturity of the fruit at the time of removal from the 
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Fig. 2. Effect of gases evolved by ripe pears upon the respiration of Anjou pears 
treated immediately after picking. 
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Fig. 3. Effect of gases evolved by ripe pears upon the respiration of Cornice pears 
treated immediately after picking. 

tree. Thus in lot III, an early picking of Bartlett, a period of 12 days 
elapsed in the case of the untreated fruit before an increase in respiration 
occurred. With fruit gathered at later dates, however, the period between 
the time of picking and the increase in respiration accompanying ripening 
becapie progressively shorter and shorter until with the post-mature lot, the 
respiratory rate rose rapidly and almost immediately after picking. 
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It appears, therefore, that fruit in advanced stages of maturity is already 
at a stage where respiration is tending toward a high rate. Naturally with 
these pears, little etfect from treatments to stimulate respiration eau be 
obtained. Fruit in earlier stages of maturity, however, is either at a stage 
of low respiratory activity or is tending to drift from a high to a low rate. 
With these fruits, where the period of low respiratory activity is consider- 
ably extended, treatments to stimulate respiration can be expected to be 
most effective. 

As long as the fruit remains attached fo the tree, tlie increase in respira- 
tion appears to take place very slowly, and consecpieutly it is considerably 
beyond the commercial season before the period is reached when pears will 
no longer be affected by ethylene or naturally occurring gases. Fruit picked 
during the commercial season was still respiring at a comparatively low rate 
at the time of picking and showed a marked effect from treatment. 

That the effect obtained from ethylene treatment bears a relationship to 
the maturity of the fruit has also been observed by other workers. Work 
(16), for instance, obtained the greatest effect from treatment of tomatoes 
picked 30 to 40 days from blooming. Davis and (1) observed that 

the stimulative effect of ethylene on the respiration of Japanese persimmons 
declined as the fruit ripened, especially in tlie last stages and in the stored 
fruit. With bananas. Hartshorn (8), using aeteylene, found tliat treat- 
ment appeared to be most effective in shortening the initial period of low 
activity in respiration and consequently the greatest differences w’ere found 
in those lots in which this period is of greatest duration. None of tliese 
workers, however, liave associated these differences in responses to ethylene 
treatment with natural progressive changes in respiration occurring in tlie 
fruit during maturation. 

Kidd and West (9), working with apples, first designated the period of 
rapid increase in respiration as the ‘‘climacteric^’ and have observed (11) 
that while the emanations from ripe apples have the property of hastening 
the onset of the climacteric, such volatile products wTre ineffective during 
the post-climacteric period when softening of the flesh and other outwardly 
indicated ripening processes occurred. With paw paws, however, Wardlaw 
and Leonard (18) have reported that coloring, softening, and final matura- 
tion of the fruit are coincident with the climacteric rise. Magness and 
Ballard (13) have similarly found that the respiration of Bartlett pears 
increases rapidly as the fruit ripens. The respiration curves of these writers 
do not show such an extended low level, however, as has been observed in these 
experiments. This can probably be explained on the basis that in their ex- 
periments a period of 3 to 5 days elapsed between the time of picking and 
the initial run, and during this delay the fruit had probably been subjected 
to conditioM favorable for ripening. It was observed, however, that early- 
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picked fruit had a lower initial rate of respiration than late-picked samples, 
and also that the ^eed with which respiration rate increased was less rapid 
in the early-picked than in the late-picked fruit. 

Comparative evolt^tion qp ethylene at different periods 

In relation to the dilferences in results obtained with fruit picked at 
various stages of maturation, it will be interesting to know at what period 
the greatest production of volatile substances affecting ripening occurs, 
Kidd and West (10) have stated that the evolution of the effective gas is 
associated with the climacteric in apples and bananas, but later observations 
(2, 6, 12) have indicated that the pre-climacteric fruit also shows indica- 
tions of ethylene production. If ethylene is a normal respiratory product 
in some fruits and plant tissues and ^hows concomitant increases or de- 
creases with carbon dioxide production, then there are two stages in the life 
of the pears when evolution of ethylene should be greatest. The first would 
be in the premature fruit Avhen the rate of respiration is high and the second 
during ripening when CO^. jiroduction is also maintained at a high level. 
That tliere is not a comparable evolution of ethylene at these two periods, 
however, Avas indicated by these experiments. 

While the presence of ethylene, as indicated by leaf epinasty, could be 
detected in the premature fruit, the epinastic effect produced by an equal 
weight of fruit respiring at the same rate, but during the climacteric w’^as 
strikingly more pronounced. This observation seemed to hold true not only 
for Bai*tlett pears, but for the other A’arieties studied as well. The indica- 
tions are, therefore, that the evolution of ethylene during the life of the fruit 
is greatest during the period shortly preceding and including ripening, and 
is not necessarii}^ concomitant with carbon dioxide production at other 
periods. Definite proof of this statement, however, must await the develop- 
ment of an accurate method for the determination of small amounts of 
ethylene. 

Since even immature fruit produced a small amount of ethylene as indi- 
cated by leaf epinasty, the indications are that no lot of fruit under observa- 
tion Avas eA"er entirely free from the effects of the gas produced within the 
tissues. In view of this, it appears that the determination of the physio- 
logical behaAuor of fruit entirely isolated from the presence of ethylene will 
be extremely difficult. The results of these studies indicate, however, that 
this gas naturally evolved is an important factor to be considered in the 
respiration and ripening of fruit. The fact alone that there is apparently a 
very marked increase in the production of ethylene at the beginning of the 
climacteric would suggest this possibility. Furthermore, the fact that 
respiration was retarded and ripening was delayed in those lots kept fr^e 
from an accumulation of any gases by constant aeration, whereas respiration 
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was increased and ripening liasteiied in those lots wh^ the gases were 
allowed to aecomulate, stronsdj'' indicates that the gas naturally evolved by 
the fruit, while not necessarily indispensable to ripening processes, does 
mai^eedly hasten the period when ripening occurs. 
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4. Effect of ethylene upon the Teepiration of Anjou pears treated at 65° F. after 
being held at 37° F. for rarious periods. 

II. How LONG AFTER PICKING CAN AN EFFECT PROM ETHYLENE BE OBTAINED? 

Methods. — Since pears are comparatively short lived at high tempera- 
tures, it was difficult to determine at just what stage after picking the fruit 
ceased to respond to ethylene, although the data obtained indicated that 
treatment was ineffective after the rapid rise in respiration had been nearly 
completed. In order to follow the changes in response to ethylene treatment 
after picking more closely, it was decided to use a variety that would show a 
response over the greatest possible period of time and to further extend this 
period by the use of cold storage. For this reason, the Anjou pear, a long- 
lived variety which keeps well under cold storage conditions, was selected. 
The fruit was picked at commercial maturity from a single tree, and at the 
time of gathering was in the pre-climacteric stage. Immediately after gath- 
ering, two lots were carefully selected for uniformity of size, packed in oil 
wraps, and stored at 31° and 37° F. respectively. At approximately 12-day 
intervals, a sample consisting of 30 pears was withdrawn from each lot, taken 
to the 65° F. ripening robt&t and treated as indicated in the general methods. 
As a comparison to the Anjott pear, some studies were also made on Bose and 
ahid Cornice, which are riierter lived varieties. The method of handling was 
the same as outlined trith the exception that the 37 degree storage lots were 
not ineluded. ^ 

Effect won bespibation 

ll^rifld during which the Anjou pears were under observation ex- 
tended September 16 to December 12. During this time respiration 
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data were obtained on six lots removed from storage at consecutive dates. 
The curves in figure 4, therefore, show, over a fairly long {Period, the general 
trends in respiration during ripening of both treated and untreated lota. 

That the effect of ethylene upon the rate of respiration steadily deereases 
after storage is clearly indicated by the results obtained. Beferenees to fig- 
ure 4 show that while there is a very pronounced difference in the rate of 
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Fig. 5. Kffoct of otli.vlene upon the respiration of Comice pears treated before stor- 
age and after 6 weeks ' storage at 31® F. 

respiration between treated and untreated lots after removal from storage 
early in the season, the magnitude of this difference gradually decreases 
during a period of two to three months until a point is reached where respi- 
ration of the untreated fruit is maintained at as high a level as that of the 
treated. This period when respiration is no longer affected by ethylene 
treatment was reached in nine weeks by pears stored at 37° P., while ap- 
proximately one month longer was required for the pears stored at 31° P. 
With Comice (fig. 5) no response could be obtained after six weeks, while 
Bose Avere unaffected after only two weeks of cold storage, 

Purther reference to figure 4 shows that the increase in the rate of respi- 
ration, w’hicli can be obtained from ethylene over that of untreated lots, is 
directly correlated with the initial rate or level at which the fruit is respir- 
ing at the time of treatment. When this level is low a large increase can be 
obtained, but when the level is high the difference is correspondingly re- 
duced. Thus, the initial rate of respiration of the first lots removed was at 
a comparatively low level. The greatest increase was noted in these lots. 
On subsequent dates, how^ever, there was a gradual increase in the level of 
respiration of the fruit after removal from storage which was accompanied 
by a corresponding decrease in effect from ethylene treatment. This trend 
continued until a point was reached where the fruit, after removal to ripen- 
ing temperature, was respiring at a high rate, and with these lots no further 
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increase above the already high rate could be obtained. It appears, there- 
fore, that the rate at which the fruit can carry on respiration is limited to a 
definite maximum, over and above which no increase can be obtained with 
ethylene treatment. Furthermore, it appears that there is a gradual drift 
in respiration toward this high level whether the fruit is held at high 
temperatures or in cold storage. 

Effect upon rate of ripening 

Evidence that the effect of ethylene upon the rate of ripening steadily 
decreases after storage is shown by the differences in ripening rate between 
treated and untreated lots removed at the different periods. As shown in 
table II, of the fruit stored at 37® P. for two weeks, the untreated lot re- 
quired 17 days to ripen, while the corresponding treated lot ripened in 10 
days. After a period of 9 weeks, however, the untreated fruit, upon removal 
from storage, ripened as rapidly as the treated fruit. Similar results were 
obtained with the 31® P. series, but with these pears, there was still a slight 
difference in the number of days required for ripening of treated and un- 
treated fruit after 12 weeks. With Cornice, after six ^\eeks^ storage, the 
untreated lots ripened as rapidly as the treated, while Bose sliowed no 
response after two weeks of cold storage. 

It might be expected that this observed decrease in the time required 
for ripening could be due to progress in ripening of the fruit while in stor- 
age. On the contrary, the indications were that ripening processes, as out- 
wardly manifested at least, had preceded very little during this period. 
Prom all appearances, the fruit which shovied no response to ethylene was 
still nearly as much in an unripened condition as those samples which were 
markedly affected by ethylene treatment earlier in the season. At the time 

TABLE II 

Effect of ethylene upon bespieation and ripening rate of Anjou pears at 65® after 
REMOVAL from STORAGE AT 37® F. 


No. DAYS 
OF 

STORAGE 

Pressure 

TEST AT 
TIME OF 
REMOVAL 

Initial SaTb of 
RESPIRATION 
MG.O(VKa./HR. 

Pressure test 
after 9 DAYS * 
TREATMENT 

Pays to ripen 

Treated 

Untreated 

Treated 

Untreated j 

Treated 

Untreated 

12 - 

1 

t9.0 

13.68 

6.74 

3.1 

13.9 

10 

17 

24 

i8.7 

lli.94 

13^3 

2.5 

8.1 

9 

15 

36 

17.8 

18.74 

U.74 

2.5 

1 6.1 

8 

12 

48 

17.3 

17.00 

16.73 

2.5 

3,7 

7 

30 

60 

« tu 

’ 20.50 


2.0 

1 

2.3 

] 

6 

6 

90 . 


1 28.00 

1 20.00 

t 

! 2.0 

1 2.0 

5 

5 
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of picking the pressure test of the fruit, an indication of Urmness or flesh, 
was 1 9 pounds. The pressure test of the first lot failing to respond to treat- 
ment was still 17 pounds, indicating that very little softening of the fruit 
had occurred during storage. The change in the fruit, then, that is corre- 
lated with the decrease in effect from ethylene, must be accounted for on 
another basis. 

In table II are shown the trends in initial rates of respiration, the num- 
ber of days required for ripening, and the pressure tests before and after 
ripening for both treated and untreated lots of the 37-degree series. As 
previously pointed out, the initial rate of respiration of the untreated lots, 
upon removal from cold storage, shows a progressive increase. The number 
of days required for ripening and the pressure test taken nine days after 
removal from storage show a steady decline in the untreated lots. The 
pressure test of the unripened fruit before treatment shows very little 
decrease for nine weeks, but subsequently a very sudden and marked decline 
occurs. The striking fact brought out is the correlation existing between 
the initial rate of respiration and the ripening rate of the fruit. Thus, the 
period when the fruit has nearly attained its maximum initial rate of respi- 
ration upon removal from storage, almost exactly corresponds to the period 
when the fruit ceases to respond to ethylene treatment. This would indicate 
that, with these storage pears, the effects of ethylene were confined to the 
l>eriod during which the maximum level in respiration was being attained. 
Furthermore, indications are that the ripening processes including softening 
of the flesh, occurring after the peak in respiration had been reached, were 
jiot affected by the addition of this gas to the ripening chambers. 

That the respiration of pears after delayed periods of cold storage starts 
off at a markedly higher rate than does that of similar fruit before storage, 
has been previously shown by Magness and Ballard (13). These winters 
also found that an increase in the respiration of Bartlett pears occurred 
while the fruit was held at 37® F., but no increase was noted with similar 
fruit held at 31® F. Geriiardt and Ezell ( 4 ), however, have found that 
Cornice pears show a consistent increase in respiration during storage at 
3r F. 

Effect of ethylene upon pears held at cold storage temperatures 

The results of preliminary investigations, the data of which are not 
herein included, indicate that ethylene has very little effect upon ripening 
or respiration of pears held at cold storage temperatures. Bose, Cornice, and 
Anjou pears treated for periods of from one to three months at 31® and 37® 
P. showed no apparent increase in respiration or rate of ripening over that 
of the untreated lots. The indications are, therefore, that the slow progress 
of the climacteric at low temperatures is not influenced by an i^icrease in 
the concentration of ethylene over that naturally produced within the fruit 
tissue. 
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These results are in agreement with those of Ku>p and West (tt) who 
have observed that the respiration of apples was not increased at cold tem- 
peratures upon exposure to the vapors produced by ripe fruit. Dustman 
(8), however, has reported increased rate of ripening of Ben Davis, Rome 
Beauty, and Stayman apples treated with ethylene for one month at cold 
storage temperatures. 


Discussion 

The time of ripening in relation to the occurrence of the climacteric is 
obviously different with pears held under cold storage conditions than with 
fruit held at higher temperatures. It will be recalled that with newly- 
picked pears, ripening symptoms were first apparent with the start of the 
climacteric; and before the peak of respiration had been reached, the fruit 
had become fully ripe. With storage fruit, however, while apparently the 
climacteric occurred at cold temperatures, ripening was delayed until the 
post-climacteric period or until the fruit was removed to temperatures 
favorable for ripening. Since the factors associated with the climacteric rise 
are not clearly understood at the present time, an explanation for the differ- 
ences observed is not readily apparent. It is clearly indicated, however, that 
fruit picked in a stage of low respiratory activity tends to drift toward a 
high maximum rate whether held at high or low temperatures, and while 
the increase in respiratory activity may occur independently of the ripening 
of the fruit, activation of the ripening processes appear to be closely asso- 
ciated, at least, with the incidence of this period. 

The results obtained with both pre- and post-storage pears indicate that 
the effects of ethylene are definitely confined to a period preceding the stage 
in the life of the fruit when the maximum level in respiration has been 
reached. Witli fruit treated immediately after picking, the greatest response 
from treatment was obtained with those fruits having the greatest length 
of time elapsing before the climacteric, while the least response was ob- 
tained in those cases when at the time of picking this rise in respiration had 
started or was well under way. The results obtained with fruit treated 
after delayed periods of storage clearly show that ethylene treatment is 
effective only during the period of ascending respiratory activity, and the 
magnitude of the rosrponse obtained bears a direct relationship to the increase 
in respiration that has naturally taken place prior to treatment. 

The marked differences observed in the periods of time during which 
long- and short-lived varieties of pears respond to ethylene treatment can 
be cited as further evidence that ethylene tratment is effective during only a 
definite peidod in the life of the fruit. With the Anjou pears, a long-lived 
variety, over 12 weeks of storage at 81® F. had elapsed before the fruit 
ceased to raspdnd to treatment. With the Bose pear, a short-lived variety, 
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no effect from ethylene could be obtained after two weeks of storage. An 
intermediatedivikd variety, the Cornice, show^ed no response after six weeks 
of storage. Furthermore, Anjou pears stored at 31® F. responded to 
ethylene treatment over a period of four weeks longer than did pears of the 
same variety held at 37® F. It appears, therefore, that with all the varieties 
of pears studied, there is a gradual drift toward a period of a maximum 
level in respiration, and when this stage in the life of the fruit has been 
reached, ethylene treatment is no longer effective. While external factors 
such as changes in temperature do retard or accelerate the rate at which 
this increase in respiration takes place, the general trend followed appears 
to be controlled primarily by internal factors inherent within the fruit. 

Since a trend in respiration during maturation similar to that shown by 
pears has been observed to occur in a number of other fruits (5, 9, 14, 16), 
it may possibly follow that these fruits would similarly respond to ethylene 
treatment only during a definite life period. This being true, the wide di- 
versity of results that have been obtained from the use of ethylene as a 
ripening agent can be at least partly explained on this basis. 

Summary 

1. The emanations from ripe pears have been found to increase the rate 
of respiration and ripening of newly-picked Bartlett, Comice, and Anjou 
pears. The greatest effect from treatment was obtained with fruit picked 
early in tlie season, and the least effect with fruit picked at post-mature 
stages. 

2. The production of ethylene, as indicated by leaf epinasty, appears to 
increase during the period of ascending respiratory activity accompanying 
ripening of the fruit. 

3. No increase in respiration or ripening could be obtained from ethylene 
treatment of fruit w^hich had been held in cold storage for certain periods. 
Long-liveil varieties responded over a greater period than did short-lived 
varieties. Pears held at 31® F. responded for a greater length of time than 
did similar fruit held at 37® F. 

4. The decrease in effect from ethylene treatment appears to be asso- 
ciated with a natural increase in the respiratory activity of the fruit after 
picking. 

Orsoon Agricultitral Experiment Station 
Corvallis, Oregon 
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EXCHANGE OF ELECTROLYTES BETWEEN ROOTS AND 
ACID SOLUTIONS^ 

Ruth Beall 
(with five figures) 

Introduction 

This paper presents, in abbreviated form, some results of a study of 
changes in electrical conductance and in hydrogen-ion concentration of 
dilute acid solutions exposed to the action of seedling roots of Lnpinus aVbus 
L. Effects of these solutions on the plants are also described. 

Materials and methods 

Three inorganic acids (HCl, H2SO4, and HNO3) three organic acids 
(formic, acetic, and propionic) were tested separately, each at three concen- 
trations, 0.00002 N, 0.00008 N, and 0.00016 N. Expressed as molar frac- 
tions these concentration values are M/25,000, MO 2,500, and M/6250 for 
HCI, HNO;, and the organic acids; and they are M/50,000, M/25,000, and 
M/ 12,500 for The water used was redistilled from Pyrex glass and 

had a conductance of approximately 2 millionths reciprocal ohm. For con- 
trol cultures Doak’s (11) modification of Hartwell and Pember^s nutrient 
.solution was used, as uell as H,,0. 

Seeds of white lupine were germinated in finely chopped sphagnum and 
the resulting seedlings uere introduced into the test solutions when primary 
roots and hypocotyls were about 6 cm. and 3 cm. long, the cotyledons being 
still within the seed coats. After rinsing, four seedlings were introduced 
into each culture jar, Tlie jars used were 500-ml. Pyrex beakers, each con- 
taining 500 ml. of liquid. The seedlings were supported by means of cotton 
in holes in the jar lids, which were perforated Petri-dish covers of Pyrex 
glass (2). The roots were wholly submerged and the hypocotyls were en- 
tirely above the liquid surface. Thus nearly the same area of root surface 
was exposed to the solution in every case. 

These experiments were carried out in a dark-room at the Botanical Lab- 
oratory of the University of Pennsylvania. For each set of solutions there 
were two series of experiments, the temi>erature for one series being about 
22® (/. for the mineral acids, and about 23® C. for the organic acids; that 
for the other series being about 28® 0. Temperature fluctuated somewhat 
in each case, within plus or minus 2®. 

1 This exporimentation was carried out with the anancial aid of a Lydia T« Morria 
Fellowship of the Morris Arboretum of the University of Pennsylvania. 
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Changes in ionic concentration "of the solutions surrounding the roots 
were followed by means of daily measurements of electrical resistance, from 
which were derived the corresponding specific conductance values, computed 
for a temperature of 18® C. Daily measurements of hydrogen-ion concen- 
tration were made by means of the quinhydrone-titration method, with 
McIlvaine^s buffers ( 4 ). Since the temperature coelBBcient of hydrogen- 
ion concentration is so small as to be negligible in such a study as this (7), 
the pH values were not corrected for temperature. Daily observations con- 
cerning the appearance of the plants were also made, particularly with 
regard to development and visible injury. 

In the following subsections, changes in the media will be presented 
first, distilled water and the several acid solutions being considered in order, 
and then attenion will be turned to records of growth and of injury^ to the 
plants. 


Experimentation 

Changes in the media 

Distilled water, — Figure 1 presents graphically average daily eon 



Eio. 1. Oonductanfe (milliontlis recip, ohm) of HjO with and without seedlings. 
Circles mark end of rapid initial increase in pH ; arrows mark onset of visible root injury. 

ductance values for with and without seedlings at 22® (\, and for H^O 
with seedlings at 28® C. Since no considerable conductance increase oc- 
curred without plants, it may be inferred that the increases shown by water 
with plants were due to outward movement of material from the roots. 
There was continuous ejcosmosis of electrolytes, in excess of any absorption 
that may have occurred. Net exosmosis, which was at first relatively slow, 
became markedly accelerated about the fifth day at the higher temperature 
and about the eleventh day at the lower temperature. It was at all times 
more rapid at the Higher temperature than at the lower. At the lower tem- 
perature the pH value of H^O with seedlings increased from 5.4 to 5.7 in 
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the first day, and then to 6.1 in the following three days, after which it re- 
mained practically unchanged. At the higher temperature the changes 
were very similar, but more rapid, from 5.0 to 6.5 in one day, and to 6.1 in 
three days. This may indicate either that there was some absorption of 
hydrogen ion, the effect of which on conductance was overbalanced by rela- 
tively greater exosmosis of electrolytes, or that exosmosis acted to reduce the 
hydrogen-ion concentration of the surrounding liquid. 

Mineral acid solutions. — ^The manner in which conductance of the min- 
eral acid solutions in contact with seedling roots first decreased and subse- 
quently increased is shown by the graphs of figures 2 to 4. Bach graph 
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Pig. 2, Conductance change (millionths recip. ohm) in HCl solutions with seedlings. 
Circles mark end of rapid initial increase in pH; arrows mark onset of visible root injury. 

starts at zero on the scale of ordinates (which, in each case, represents the 
initial conductance of the solution in question) and conductance decreases 
are plotted as negative while increases are plotted as positive. The three 
average initial conductances, expressed as reciprocal ohms x 10^, for each 
of the three concentrations of each acid were as follows : HCl, 8.9, 26.8, 52.8 ; 
H,SO*, 8.8, 26.9, 56.2; HNO„ 8.5, 31.3, 64.5, 
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Some special measurements madfe at the end of the first hour showed, in 
many instances, a slight initial increase in conductance, relatively greater 
as the original concentration of the solution was higher, which suggests that 
there may have been an immediate exosmosis of electrolytes from the roots. 
This detail is not showm on the graphs ; it was not seriously studied and war- 
rants no more than mention here. 

Each of the graphs shows an initial decrease in conductance, which was 
very slight and of very short duration for the solutions of lowest concentra- 
tion, but progressively more pronounced and of longer duration as concen- 
tration was higher. Considering the two graphs for each concentration 
together, it may be said that the period of conductance decrease was shortest 
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Fig. 3, Conductance change (millionths recip. ohm) in lisSO* solutions witli seed- 
lings, Circles mark end of rapid initial increase in pH; arrows mark onset of visible 
root injury. 

(about 1 day or less) for the lowest concentration, longer (about 2 to 
days) for the intermediate concentration, and longest (about 3 to 4 days) 
for the highest concentration. Similarly, the average amounts of conduc- 
tance decrease were approximately as follows, the unit being lx 10 ~” recip- 
rocal ohm : for the lowest concentration, 2 units (all three acids) ; for the in- 
termediate concentration, 11 units (HCl), 13 units (H^S 04 ), and 17 units 
(HNO 5 ) ; for the highest concentration, 26 units (HCl), 28 units (H 2 SO 4 ), 
and 41 units (HNO^). It is notable that HNO, showed greater conductance 
decrease at the two higher concentrations than was shown by either of the 
other mineral acids at these concentrations. 
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As to the temperature relations of the amount of conductance decrease^ 
the available data permit uo satisfactory generalization for all three mineral 
acids. Prom the graphs of figure 2 it is clear that the amount of conduc- 
tance decrease for solutions of HCl was regularly somewhat greater at the 
lower than at the higher temperature. For the lowest and highest concen- 
trations of HNO 3 (fig, 4) the same temperature relation apparently holds, 
but for the intermediate concentration of HNO^ and for all tested concen- 



Fio. 4. Conductance change (millionths recip. ohm> in UNO-, solutions with seed- 
lings. Circles mark end of rapid initial increase in pH; arrows mark onset of visible 
root injury. 

trations of (fig. il) conductance decrease was more or less markedly 

greater at the higher tlian at the lower temperature. 

When conductance decrease was relatively large in amount its rate is 
seen to have been rapid at first and then progressively more gradual. For 
the intermediate and highest concentrations the initial period of decrease 
was followed by a more or less prolonged period during which conductance 
was nearly maintained. This period was longer for the lower temperature 
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than for the higher one. After conSuctance began to increase, its rate of 
change sometimes remained low to the end of the experimental period, but 
in many cases (notably all the grraphs of figure 2) its rate was soon rapidly 
accelerated, so that the final portions of the graphs ascend very steeply. 

As to changes in hydrogen-ion concentration, the pH values of all tested 
solutions — and that of HgO also — ^increased from the beginning of the 
experimental period onward. This increase was most rapid during the 
first day and became progressively slower till a value of about 6.0 was 
reached, when hydrogen-ion equilibrium with the roots was apparently 
established. Eventually the solutions became slightly more basic. The 
initial pH values of the solutions, corresponding to the initial conductances 
given above, were as follows ; HCl, 4.6, 3.9, 3.6 ; HaSO*, 4.5, 3.9, 3.6 ; and 
HNOj, 4.5, 3.8, 3.5. After one day the following values were reached: 
HCl, 4.8, 4.6, 5.3; H^SO^ 5.1, 4.6, 5.5; and HNO„ 4.9, 5.1, 5.6. The time 
required, at the lower temperature, for each medium to attain a pH value 
of about 6.0 is shown by the position of the circle on the corresponding 
graph of figures 1 to 4. That time was in general somewhat shorter for 
the solutions of highest concentration than for the other solutions and for 
H...O. The two lower concentrations of the three acids were essentially 
alike, reaching this value in four days; for the highest concentration the 
change was somewhat more rapid in HNO^ (2 days) than in HCl (3 days) 
or HaS 04 (4 days). 

Organic acid solutions. — Conductance changes shown by the three 
organic acids in contact with seedlings are set forth by the graphs of figure 
5, which are plotted like those of figures 2 to 4. For each of the three con- 
centrations of each acid, the initial conductance (each plotted as zero on 
the ordinate scale) was as follows: HCOOH, 6.2, 16.2, 29.3; CH3COOH, 
5.5, 10.6, 16.3; CjHgCOOH, 4.2, 9.6, 14.1. For each solution the two tem- 
peratures tested showed no essential differences in conductance change; 
the graphs of figure 5 represent the average values for the two temperatures. 
As in the case of the mineral acids, conductance measurements made within 
the first day of the experimental period indicated in some instances a very 
slight immediate increase in conductance, of very short duration, which is 
not shown on the graphs. 

These organic acid solutions showed an initial decrease in conductance, 
similar to that shown by the mineral acid solutions, but less pronounced. 
For the lowest concentration of each acid this decrease was of one day’s 
duration or less. It was scarcely noticeable in the case of the most dilute 
solution of propionic acid, only very slight in the weakest acetic acid solu- 
tion, and somewhat m<tfe pronounced in the lowest concentration of formic 
acid. In all these cases conductance subsequently increased gradually for 
about three 4ays, after which it remained approximately unchanged. For 
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solutions of higher concentration the initial conductance decrease lasted 
somewhat longer, 'from one to three days, after which there was, in most 
eases, some increase, but this was never sufficient to raise the condnctanee 
of the solution above its original value. In general, conductance remained 
unchanged after five days. As was shown for the inorganic acid solutions, 
initial decrease was greater in amount as solution concentration was 
greater, the amounts of decrease (in conductance units) being as follows: 
HCOOH, 2, 11, 20; CH.,COOH, 1, 4, 8; C^HeCOOH, 0.1, 3, 6. 



Fio. 5. Conductance change (millionths recip. ohm) in organic acid solutions. 
Circles mark end of rapid initial increase in pH ; winged arrows mark onset of visible root 
injury at 23° C., naked arrows at 28° C. 

Only the graphs for the lowest concentration of acetic acid and of pro- 
pionic acid and the ones for the lowest and intermediate concentrations of 
formic acid show any considerable conductance increase within the 8-day 
period, but of course the conductance of the other organic acid solutions 
might have increased eventually had the period been longer. To make 
possible satisfactory comparisons among all six acids, with reference to eon- 
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duetanee inerease, it would apparently have been neceasary to employ 
experimental periods longer than 8 days. 

Taming to the changes in hydrogen-ion concentration of the organic 
aeid solutions, these were very nearly like the corresponding changes that 
occurred in the mineral aeid solutions, except that the original solutions 
were generally less acid and the amount of change was correspondingly 
less. The initial pH values of the three concentrations of each of the three 
organic acids were as follows : HCOOH, 4.5, 3.9, 3.6 ; CH,COOH, 4.8, 45, 
4.1; and CaHgCOOH, 4.9, 4.5, 4.2. In general there was rapid decrease 
in acidity during the first day, the following pH values being reached: 
HCOOH, 5.6, 5.7, 5.8; CH.COOH, 5.5, 5.3, 5.3; and C»H,COOH, 5.3, 4.5, 
4.3. Subsequently the decrease in acidity continued, but was more grad- 
ual, the solutions attaining a value of about 6.0 by the end of 3 days^ (inter- 
mediate and highest concentration of HCOOH and all three concentrations 
of CHjCOOH) or at the end of 4 days (lowest concentration of HCOOH 
and all concentrations of C^HjCOOH), after which pH was approximately 
maintamed. These times are indicated by the positions of the circles on 
the graphs of figure 5. 


Physiological effects 

Controls. — On the roots of the control plants, in nutrient solution, 
lateral branches always appeared within the first day of the experiment 
and these subsequently increased in number and enlarged as the primary 
root continued to elongate. On the second day, when the hypocotyl was 
well extended, the cotyledons diverged, and later the plumule opened and 
elongation of the epicotyl began. No chemical injury was apparent and 
these plants appeared to be quite healthy throughout the entire experi- 
mental period of 14 days, excepting that, being in darkness or very weak 
light, they were markedly etiolated. 

Plants with roots in water. — Seedlings with roots in H^O developed 
more slowly than those with roots in nutrient solution. Development of 
lateral roots was similar to that ^ nutrient solution except that these did 
not appear until after 2 days^and they did not elongate so much. After 
2 days also the cotyledons began to diverge and gradually development of 
the epicotyl proceeded. Injury at the tips of the roots was evident after 
about 9 days at the lower temperature and after about 4 days at the higher 
temperature, as is indicated by the arrows of figure 1. Injury to hypo- 
cotyls followed in many eases. 

Plants with roots in MiNkRAL acid solutions. — ^In solutions of min- 
eral acids develo{)ment was still more retarded than in water and injury 
was apparent earlier. Injury was first noticeable as a slight constriction 
in the jprimary root, I to 2 mm. from the tip. The tip region soon became 
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flaccid and translucent^ then very soft and brown. These changes igradn^ 
ally spread upward until, in the most severe cases, only the tipper eenti- 
meter or less of the root was apparently free from necrosis. Injury to the 
hypocotyl usually followed soon after the onset of root injury. It was first 
evident as a translucent region 1 to 2 cm. long, about the middle of the 
hypocotyl, and necrosis spread both upward and downward. Subsequently 
the injured region of the hypocotyl turned brown and collapsed, sometimes 
with exudation, whereupon the cotyledons and plumules drooped. The 
plumule developed only slightly or not at all. 

Development in the mineral acid solutions was roughly in inverse rela- 
tion to the original concentration of the solution. Neither primary root 
nor hypocotyl elongated to any considerable extent in the solutions of high- 
est concentration and both showed less elongation in the solutions of inter- 
mediate concentration than in the most dilute solutions. Lateral roots 
appeared after 2 days in all cases ; in solutions of lowest concentration they 
developed throughout practically the entire length of the primary root, in 
solutions of intermediate concentration they were confined to the upper 
two-thirds of the main root, and in solutions of highest concentration they 
were confined to the upper one-third or less. When the region of their 
development was restricted they were unusually crowded. At the end of 
the experimental period they were longer in all mineral acid concentrations 
than in water, and their length was greater as the region supporting them 
was shorter. At either temperature, injury" to the roots became evident 
earlier and progressed more rapidly as solution concentration was higher, 
and for any tested concentration it appeared earlier and progressed more 
rapidly at the higher than at the lower temperature. At the end of the 
experimental period injury in the least concentrated solutions was confined 
to the terminal region of the primary root, in solutions of intermediate con- 
centration it occupied from one-third to one-half of the length of the main 
root, and in solutions of highest concentration the primary root was visibly 
injured throughout practically its entire length. Injury to the hypoeotyls 
also appeared earlier and progressed more rapidly as the solution was more 
concentrated and as the temperature was higher. If the times required 
for the onset of root injury in these solutions (as shown by the positions 
of the arrows in figures 2 to 4) arc considered roughly as reciprocally pro- 
portional to the toxicity of the solutions, then it appears that, for the two 
lower concentrations at the lower temperature, the decreasing order of tox- 
icity for these three mineral acids was HNO^, HgSO^, HCl. For the high- 
eet concentration at this temperature HNOj and H2SO4 were about alike 
and produced injury sooner than HCl. For the lowest and for the inter- 
mediate concentration at the higher temperature HNO3 and HCl were about ^ 
alike and produced injury more promptly than H^SO^. Finally, all three 
acids were approximately alike, on the basis of this time criterion, for the 
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lushest cxnoentration at the higher temperature since all had produced 
injury within the period before the first examination, but in these cases 
injury was noticeably more severe in HNO, solutions than in the other 
acids. It thus appears that both temperature and concentration took part 
— ^Ong with the chemical characteristics of the acids — in determining the 
promptness of the onset of injnry. 

PiiANTS IN OBCIA.NIO ACID SOLUTIONS. — ^Development was more rapid and 
more extensive in the solutions of organic acids than in the corresponding 
solutions of mineral acids. With formic and acetic acids development was 
somewhat greater in the lowest concentrations than in the others; with 
propionic, however, development in the solution of intermediate concen- 
tration equalled or exceeded that in the most dilute solution, and develop- 
ment in the most concentrated solution was less rapid than in either, of the 
other solutions. By the second day lateral roots had emerged in all cases. 
They appeared earlier, however (after only 1 day), in the most concen- 
trated solutions of formic acid and acetic acid at the higher temperature, 
and in all solutions of propionic acid at this temperature. Like the min- 
eral acids tested, the organic acids permitted the development of laterals 
throughout most of the length of the primary root in solutions of lowest 
concentration. As the solution was more concentrated laterals were in- 
creasingly restricted to the older region of the primary root, but the region 
bearing laterals was not so limited as under the corresponding influence 
of the mineral acids. As with the inorganic acid solutions, but to a lesser 
extent, lateral roots were finally more closely crowded and longer the more 
restricted was the region from which they arose. 

Injury by the organic acids was similar, in inception and nature, to that 
produced by the mineral acids, but for any tested concentration and tem- 
perature it generally appeared somewhat later with the most rapidly in- 
jurious organic acid than with the least rapidly injurious mineral acid, as 
is diown by comparing the positions of the arrows on the graphs of figures 
2 to S. (It ^ould be noted that in figure 5 winged arrows refer to the 
lower temperature while naked arrows refer to the higher temperature.) 
Acetic acid generally appears to have been less promptly injurious than 
either of the other organie acids, which were apparently about alike in this 
respect. In general, injury by any solution was less prompt at the lower 
thiw at the higher temperature and it appeared sooner as the concentration 
was higher. 


TbIK ACS)S AND H,0 OOMPABED AS TO TOXICITT 
the uyaHable data are inadequate for a satisfactory compara- 
tivu the degrees of toxicity of all six acids, it may be of interest 

ho aottukasltte the lengths of time required for the onset of visible root 
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1. At 22“ or 23“ C. the descending order of indicated toxicity for «aeh 

concen^ation is; 

a. For lowest concentration: HNO. (3.5 days), HCOOH and 

CH3COOH (5 days), (6 days), Hfel (8 days). 

b. For intermediate concentration: HNO, (1 day), HCOOH (S 

days), H^04 (4 days), CH3COOH (5 days), HCl (6.5 days). 

c. For highest concentration: HNOg and HaS04 (1 day), HCJOOH 

(2 days), HCl (2.5 days), CH3COOH (3 days), 

2, At 28^ C. the descending order of indicated toxicity for each con* 

centration is ; 

d. For lowest concentration: HCl (2 days), HNO, (2.5 days), 

HCOOH and G^fiOOK (3 days), H^SO* (4 days), 

CH3COOH (5 days). 

e. For intermediate concentration; HNO3 and HCl (1 day), H2SO4 

and C2H3COOH (2.5 days), HCOOH (3 days), CH3COOH 

(4 days). 

f. For highest concentration: HNO3, H^SO*, HCl and HCOOH (1 

day), C3H3COOH ( 1.5 days), CH3COOH (2 days). 

For each combination of temperature and concentration the reciprocal 
of the injury-time for each acid may perhaps be taken as an index of its 
relative toxicity. If for each combination all six reciprocals are expressed 
in terms of the reciprocal for HNO3 and if the resulting relative toxicity 
values for each acid are averaged, the final outcome is a single series of 
tentative toxicity indices that may represent all the tested combinations of 
temperature and concentration; that new series is as follows; HNO3, 1-00; 
HCl, 0.71; H,S04, 0.66; CJH5COOH, 0.63; HCOOH, 0.61; CH3COOH, 
0.41. The corresponding value for H^O is 0.22. According to these aver- 
ages, it appears on the whole ; (a) that HNOj was the most toxic, while (b) 
C^HjCOOH was least toxic of the six acids considered, (c) the former being 
about 2.5 times as toxic as the latter; (d) that HCl and H^S04 were nearly 
alike in toxicity (about 69 per cent, as toxic as HNO3) ; (e) that CgHpCOOH 
and HCOOH were nearly alike in toxicity (about 62 per cent, as toxic as 
HNOj), (f) only slightly less toxic than HCl and and (g) about 

50 per cent, more toxic than CHgCOOH; and, finally, (h) that H^O ap- 
peared to be about half as toxic as CH^COOH and about one-fifth as toxic 
as HNO3. While these statements seem to agree in general with some con- 
clusions that are suggested by superficial scrutiny of the graphs and their 
appended arrows, it must be remembered that they are intended only to 
represent a sort of summary of the toxicity phase of the present study, for 
it is almost certain that the degrees of toxicity of these acids in any test 
depend on temperature and concentration as well as on chemical nature. 

Conclusion 

The initial reduction in conductance of these acid solutions was evi- 
dently due to absorption of ions by the roots. This absorption was prob- 
ably accompanied by some exosmosis in all cases, as was shown for H2O. 
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While it is conceivable that the conductance of a solution might be dimin- 
ished by exosmosis alone, if the materials extruded from the roots were of 
such nature as to remove from solution the ions present, consideration of 
the nature of the solutions examined in this study and of the kinds of mate- 
rial that might possibly escape from plant roots leads to the conclusion that 
the observed conductance decrease must have been due to direct removal 
of ions by the plants. This was no doubt accomplished principally by 
absorption of material into the cells, but adsorption of ions on to root sur- 
faces may have occurred also. Since solutions of all the acids tested were 
reduced in conductance, and hence in ion concentration, it seems safe to 
conclude that ions were absorbed from both inorganic and organic acid 
solutions. 

The amount of net absorption from the several solutions seems to have 
varied directly with ion supply. For any acid, the higher the ionic con- 
centration of the original solution, the greater and more rapid was the 
removal of electrolytes. And among the six acids tested, the greater the 
degree of ionization, in general, the more rapid was net absorption. A 
general index of absorption from these acid solutions under all the condi- 
tions represented by these experiments may be derived by expressing the 
average amount of net absorption from each concentration of each acid in 
terms of the average net absorption from the corresponding concentration 
of HNOs, and averaging the three values for each acid. This index is as 
follows: HNO„ 1.0; 0.83; HCl, 0.77; HCOOH, 0.73; CH,COOH, 

0.30; and C2H5COOH, 0.12. That is, considering the average of the results 
of the several experiments, there was greatest absorption from HNOj solu- 
tions, and least from those of C^Hi^COOH. Net absorption from the 
organic acid solutions was generally less than from the corresponding con- 
centrations of mineral acids, but HCOOH was only slightly below HCl and 
H2SO4 in this respect. This is in general agreement with the order of dis- 
sociation of these acids. 

Absorption was, however, apparently influenced by other factors to 
some extent. Examining the results for the two temperatures separately 
it may be seen that, for the several mineral acids at the lower temperature, 
net absorption from HNOa solutions was greatest and that from H2SO4 
solutions was least, net absorption from HCl being intermediate. This 
order of penetration > HCl > Ha304) is in agreement with 

BAvmsoN and WhebryI^ (9) results with wheat seedlings. On the other 
hand, in the present study the order of penetration at the higher tempera- 
ture is: HNO« > HaS04 > HCl; this is the order reported by Hind (16) 
from her experimauts with potato tuber. Net absorption was apparently 
ihereasad by rise in temperature in the case of all solutions of H2SO4 and 
the interu^iaie concentration of HNOg, but in the case of the other solu- 
tions XnfimBlyf all concentrations of HCl and the lowest and highest eon* 
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centrations of HNOg) net absorption was apparently decreased. Delf 
(10) and Skeen (20) found the permeability of plant tissues to increase 
with rise in temperature, and Stiles and Jorgensen (24) report greatly 
augmented absorption of hydrogen ion under similar conditions. Eckebson 
(13), on the other hand, reports that the effect of rise in temperature on 
permeability of root cells varied according to the species considered. 
Studies on this subject reported in the literature have been carried out 
with a variety of materials and by means of a variety of experimental pro- 
cedures. It is safe to presume that rates of penetration of materials into 
plant roots, and rates of absorption, depend on the kind and condition of 
the roots as well as on temperature and the nature of the solutions from 
which the absorbed substances are derived. 

The pronounced decrease in hydrogen-ion concentration which accom- 
panied the initial decrease in conductance of these solutions may be taken 
as evidence that there was rapid absorption of hydrogen ion in the early part 
of each experimental period. As was the ease with absorption in general, 
this was always greater the higher the concentration of the original solu- 
tion, and greater the first day than in any succeeding day. Absorption 
of hydrogen ion by plant cells has been reported by many observers (6, 14, 
18, 19, 23). 

The toxicity of the hydrogen ion has long been recognized. About forty 
years ago Kahlenberg and True (17) pointed out that the toxic influence ex- 
erted upon plants by dilute solutions of strong acids was probably largely 
due to this ion. Since that time Breazeale and LeClerc (3), Hoagland 
(16), and Dunn (12), among others, have reported on acid toxicity for 
plant tissues. As to the effect of such toxicity within plant cells, Addoms 
(1) observed that the protoplasm of root hairs injured by an acid medium 
appeared to have been ecmgulated. 

It seems probable that the toxic effects produced by the acid solutions 
of the present study were due chiefly to the hydrogen ion. Similar injuries 
appeared in all experimental plants and this was the only ion, other than 
the hydroxyl ion, which was common to all solutions. Also the hydrogen ion 
is more active, and probably more toxic, than any of the anions present. 

In general, degree of toxicity followed hydrogen-ion concentration. For 
any acid the higher the concentration and the greater the ionic absorption 
therefrom, the more promptly did injury occur, and in the acids as a group 
it was generally true that the more completely dissociated the acid the more 
toxic it was. Propionic acid was, however, more toxic than would be ex- 
pected from its ionic concentration or from the amount of ionic absorption 
that occurred from its solutions. Apparently tlie propionic molecule also 
was toxic. This is in agreement wdth True^s (26) idea that the harmful 
action of formic and acetic acids is due principally to hydrogen ion, whereas 
that of propionic acid is due chiefly to the undissociated molecule. Other 
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workers also have attributed the toxleity of organic acid solutions to undisso- 
ciated molecules ( 6 > 8 , 12). Even in the case of the acids whose toxicity 
seems to have been fundamentally due to excess of hydrogen ion, other ions 
or molecules may not have been without influence on toxicity. 

The toxicity of these acids was generally greater at the higher tempera- 
ture than at the lower. Injury was apparent earlier and the plants became 
more severely affected at the higher temperature. Skeen (21) also has 
found toxicity to be incareased by increase in temperature in some eases. 

Although, as has been intimated, it appears likely that the initial de- 
crease in conductance of the acid solutions was fundamentally due to 
hydrogen-ion absorption by the roots, there is indirect evidence that other 
ions and molecules also were absorbed. Furthermore there seems to be no 
reason to doubt that there was in all cases some exosmosis of ions* or mole- 
cules, or both. That the initial lowering of solution conductance cehsed — 
generally after 1 to 3 days for the mineral acids, and after a somewhat 
shorter time for the organic acids — ^must have been due to decreased absorp- 
tion, to increased exosmosis, or to both together. Either of these altera- 
tions in the rate of movement of material across the root periphery may 
well have been occasioned by increasing toxic action. Indeed this increased 
exosmosis has been used as a criterion of injury by some workers ( 8 , 22 ), 
With the mineral acids excessive exosmosis from the poisoned plants even- 
tually became greatly pronounced, as was shown by increase in solution 
conductance, but no rapid outburst of electrolytes had occurred at the time 
the experiments with the organic acids were discontinued. Nor did rapid 
exosmosis occur within 8 days in solutions of aromatic acids tested in a 
similar way by Mother Chrysostom ( 8 ). 

In those cases where conductance increased rapidly toward the end of 
the experimental period, the sudden increase in exosmosis that is indicated 
may have been due to a corresponding sudden increase in outward perme- 
ability of the root cells to electrolytes, such as might result from some sorts 
of poisoning, or perhaps poisoning may first have caused general proto- 
plasmic coagulation, followed at length by a sudden disintegration. It is 
possible that the anions or undissociated molecules of the organic acids 
acted in some way to retard the poisoning process or hinder protoplasmic 
disintegration. 


Summary 

1. Roots of aihus were found to absorb electrolytes from very 

dilute solutions of certain inorganic acids — HCl, H^SO^, HNOg — and cer- 
tain organic acids — ^HCOOH, CHuCOOH, C 2 H 5 COOH. Absorption was 
greater in amount- and more rapid the higher the original concentration 
of the ablution. For any tested concentration it was greater as dissocia- 
tion was more nearly complete. 
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2. There was apparently a rapid absorption of hydrogen ion, probably 
accompanied by some absorption of other ions, of molecules, or of both. 

3. Injury to the plants resulted in all cases. This is probably to be 
attributed to absorbed hydrogen ion in each instance except that of pro- 
pionic acid, whose undissociated molecules seem to have been largely 
responsible for the injury. 

4. In many cases rapid exosmosis of materials from the roots eventually 
occurred, indicating increased permeability of cell membranes or rapid dis- 
integration of cell contents. 

5. Influence of temperature, solution concentration, and hydrogen-ion 
concentration on absorption and exosmosis and on growth and development 
of the seedlings are among the topics discussed. 

This problem was suggested by Professor Kodney H. True, Director 
of the Morris Arboretum, who maintained a continuous interest through- 
out the study. In the analysis of the results and in the preparation of 
this paper the writer received many helpful suggestions from Dr. Burton 
E. Livingston, of the Johns Hopkins University, and from Dr. Charles 
A. Shull, of the University of Chicago. 

Univeesity op Pennsylvania 

Philadelphia, Pennsylvania 
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UEBASB DISTRIBUTION IN PLANTS: GBNBRAL MBTHODS^ 

Sam G-banick^ 

Introduction 

Although numerous studies have been made on enzymes with the purpose 
of elucidating the intermediary metabolism of various substances, such as 
the fats, carbohydrates, and proteins, the metabolic changes undergone by 
the enzymes, that is, their synthesis, storage, and decomposition have received 
scant attention. Of course the metabolism of an enzyme could be discussed 
only superficially until a few years ago, because its composition was totally 
unknown. The discovery by Sumner (22) that an enzyme, urease, possess- 
ing the properties of a globulin, could be obtained in a crystalline state, 
marked the beginning of a new era in enzyme chemistry. Likewise, the 
methods developed b}’' Linderstr0m-Lang and Holteb (13) for the appli- 
cation of quantitative histochemistry to enzymes, have led away from a 
study of gross structures to a more intimate study of tissues and even of cells. 

The purpose of the present investigation was to follow the changes in 
the content and distribution of urease throughout the life cycles of the two 
leguminous plants which, so far as known, are the richest in their content 
of this enzyme, namely, the soy bean and the jack bean. The most sensitive 
tests for most proteins are valueless below a dilution of one part in 10,000. 
Urease can be detected in much greater dilutions than this. Advantage was 
taken of the catalytic nature of the enzjone to select certain histological 
stabling reagents which would reveal the presence of the enzyme directly 
within the cells. By means of these reagents it is possible to study the 
changes of urease activity taking place during the histological development 
of the plant. Since the number of cells per organ (for example, the leaf) 
does not change greatly after an early stage in the development of that 
organ, one can study, by analyzing organs of different ages, the progressive 
changes in urease content of cells of increasing age. 

It was hoped that the data Tvould not only reveal the course of urease 
metabolism but would also clarify a number of other problems as well. Con- 
sidering urease as a protein, one can follow the metabolism of a protein of 
specific constitution throughout the life history of a plant. If the assump- 
tion be made that the main portion of the protoplasmic framework of a cell 

1 Paper no. 610 from the Department of Botany and Herbarium, University of 
Michigan. 

This is the first of a series of three papers on urease distribution in Camvalia ensi- 
formis and 8oja maar. More extensive data and discussion of this subject may be found 
iri the writer >8 thesis in the University of Michigan library. 

* Newcombe Fellow in Plant Physiology, University of Michigan. 
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consists of proteins, it might be possible, by following the changes in urease 
activity of the cells under various environmental conditions, to get some 
information about the changes occurring in the protoplasmic framework* 
Also, since urease has been found in plants of every division of the plant 
kingdom ( 4 , 27), it becomes interesting to determine what fundamental 
relation the enzyme has to the nitrogenous metabolism of the plant. 

The reaction catalyzed by urease, as shown by Mack and Villars (16) 
and by later investigators, is the hydrolysis of urea to ammonium carbamate. 
Urea itself is very slightly ionized. Ammonium carbamate is alkaline; it 
is unstable, especially in acid solutions, and undergoes spontaneous hydroly- 
sis to ammonium carbonate. Two general methods have been used in this 
investigation : a histological method w^hich depends on the increase in alka- 
linity as urea is hydrolyzed by urease ; and a quantitative method based on 
the determination of the ammonia produced. 

Histological urease determinations 

An attempt was made to find a method which would give direct visual 
evidence of the exact location of urease in the tissues. Wagenaar (26), 
Sen (20), and Wasicky and Krach (27) used a number of reagents. The 
last-named investigators found that reagents for the determination of NH 4 * 
such as Nessler’s reagent, chloroplatinic acid, etc., were much less sensitive 
than pH indicators, and suggested the use of an alcoholic haematoxylin solu- 
tion as a suitable indicator. After testing a number of methods, the writer 
came to the same conclusion as Wasicky and Krach, namely, that the change 
of hydrogen-ion concentration was the most sensitive method ui)on which 
to base the detection of urease. 

Two histological methods w^ere used, the indicator and the lake methods, 
both of which depend upon the detection of urease by an increase in 
alkalinity. 

Indicator method 

A number of factors which would influence the sensitivity and accuracy 
of the indicator method had to be considered. These may best be appre- 
ciated by imagining an enzyme point in a cell at which urea molecules are 
undergoing decomposition. The first molecules of ammonium hydroxide 
released at this point will react with various buffers in the immediate vicinity 
of the enzyme point. This ammonium hydroxide will therefore not show up 
as a change in hydrogen-ion concentration and the indicator will not be 
affected. After suflScient ammonia has been produced the pH of that region 
will shift toward the alkaline side. The rapidity of the pH change will then 
partially depend on buffer capacity. It is readily seen that the most sensi- 
tive indicator to choose will be one whose midpoint (pK) will be that of the 
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hydrogen-ion concentration of the cells. It is therefore necessary to know 
the hydrogen-ion concentration of the tissues examined. The series of indi- 
cators recommended by Small (21) was found suitable for an approximate 
determination of the pH of the tissues. 

Indicators used. — ^Because of their visually favorable change in color 
from yellow at the acid end to dark blue at the alkaline end, the indicators 
brom-cresol purple, brom-thymol blue, brom-cresol green, etc., were used 
in a 0.2 per cent, aqueous solution to detect enzymic action. They were 
adjusted to their midpoint with 0.05N acid or alkali. Although these indi- 
cators showed the presence of the slightest traces of enzyme their colors were 
not intense, but quite diffuse, so that only a vague notion could be obtained 
as to the enzyme location. Haematoxylin, on the other hand, was found to 
be excellent for tlie purpose. Saturated aqueous solutions of haematoxylin 
were prepared fresh every three or four days since changes take place in this 
indicator on standing. It is yellow^ at the acid end and intensely red at the 
alkaline end of its range, with a midpoint around pH 6.5. Besides showing 
a marked color change with change in pH, the dye in its alkaline form 
appears to be quite localized in a tissue. It was found upon further study 
that the permeability of the cells is much less to alkaline haematoxylin than 
to the neutral or acid haematoxylin. The yellow-colored (acid) haematoxy- 
lin could be washed out readily with water, without as readily removing the 
red-colored haematoxylin. 

Permeability of cells to indicators and urea. — If one is to judge the 
location of the enzyme by a change in color of an indicator within the cells, 
one must know that the indicator and urea solutions have penetrated all the 
different cells of a tissue section. The penetration of the indicator is quite 
readily determined by noting its distribution. Generally, the dye colors 
all of the cells of a tissue section. However, in certain instances, as, for 
example, in sections of the collet region of jack bean seedlings, some pith 
cells appear to be less readily permeable to the dye than their neighbors. 
In such instances, the dye solution is allowed to remain on the section for 
a few minutes longer until these cells also are colored. 

It has generally been considered that cells are readily permeable to urea. 
H5fler and Stiegler (8), Hofler and Weber (9), and Weber (28) have 
shown, however, that the penetration of urea into the cells of various tissues 
of the same plant and even of the same tissue was different ; permeability 
toward urea was also found to differ with the age and the activity of the 
cells. By treating cells of various tissues with 20 per cent, ethyl alcohol in 
order to destroy the plasma membranes and permit unhindered diffusion of 
urea into all of the cells, it was found that the controls and alcohol-treated 
sections showed no marked differences in permeability toward urea. In a 
ffw instances the alcohol-treated sections appeared to contain slightly leas 
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enzyme, but the distribution even in these sections ivas the same as in the 
controls. Perhaps even the least permeable cells allowed sufficient urea to 
enter from the aqueous urea solution. Small (21) reports an increased 
permeability and outward difiEusion of salts from cells treated with 20 per 
cent, alcohol. The enzyme apparently is not rapidly destroyed in 20 per 
cent, alcohol. Indeed, sections of jack bean cotyledons immersed for a few 
minutes in a 95 per cent, alcoholic solution still possessed active urease. 

Bt7FPE» CAPACITY OP CELLS AND REAGENTS. — As already indicated, it is 
necessary to take into account the buffer capacity of the cells studied be- 
cause, if ammonia is released at the enzyme points, the buffers of the cell will 
neutralize the ammonia ; the rate of indicator change toward the alkaline side 
will therefore depend upon the buffer capacity of the cell. Although one cell 
may have a greater enzyme content than another, yet the amount of fnzyme 
in the first cell may be masked by its greater buffer capacity. Likewise, it is 
possible that a cell may possess both the enzyme and a high buffer capacity, 
whereas a neighboring cell may contain no enzyme but have a low buffer 
capacity; in this instance ammonia would diffuse to the neighboring cell 
containing no enzyme and change the indicator to the alkaline side and 
apparently indicate the presence of the enzyme. It was found that the 
meristematic tissues, including the cambium, are most highly buffered, next 
come the smaller parenchyma cells, then the larger parenchyma cells of 
the cortex and pith, and finally the xylem cells. 

At first glance it would seem that, because of the impossibility of con- 
trolling the tissue buffers, the indicator method would be useless for the exact 
localization of the enzyme in specific cells and tissues. Fortunately, this is 
not generally so. In sections of the apical bud, where buffer capacity must be 
considered, it is found that the apical primordium and the axillary priniordia, 
which are the most highly buffered tissues, are also the tissues containing the 
most enzyme. On the other hand, the buffer capacity in the cambium does not 
permit a comparison of the enzyme content of that tissue with the content of 
neighboring parenchyma ceUs. This is true in the stem below the third node 
(first node above the cotyledonary node) of ,|he seedlings. In these parts, the 
enzyme content of the pith and cortex is relatively high, but none can be 
detected with certainty in the cambium or its'#terivatives. Above the third 
node, however, the pith and cortmal parenchyma contain no enzyme de- 
tectable by the indicator method»,and the cambium also gives a negative 
reaction. That the cambiM^ind its derivatives contain no urease is a gen- 
eralization that may be maoM^hile keeping the limitations of the indicator 
method strictly in mind. 

Since the enzyme is detected by a change in the hydrogen-ion concen- 
traticn^ it in essential that the reagents used should also have little or no 
buffieriiig Dete^inations of the buffer capacity of the 0.2 per cent. 
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dye solutions and the 1 per cent, urea solution showed it to be very slight in 
these solutions. As contrasted with the buffer capacity of any of the 
parenchyma cells examined, that of the indicators and of the urea solutions 
is negligible. 

Time factor. — ^It is evident that if urease is permitted to act for a longer 
time more ammonia will be formed and the tissue will become more alkaline. 
The maximum time for observation is limited by the following considerations: 
In the first place, carbonic acid is constantly being produced, and neutralizing 
a portion of the ammonia released. In certain tissues, the enzyme content 
is so slight that more COg than ammonia is produced and the acidity of the 
tissue increases, as has been determined in a few experiments with a sensitive 
glass electrode apparatus. In the second place, the enzyme appears to be 
slowly inactivated. Thirty minutes was found to be the maximum time that 
could be used for these histological determinations. 

Tissue sections. — ^For approximate estimates of the enzyme, sections 
were made with a hand razor. If delicate structures were to be examined or 
accurate comparisons of sections were to be made, a freezing microtome was 
used at first. It was soon found, however, that small pieces could be imbedded 
in paraffin of low melting-point and rapidly cooled, without appreciable 
destruction of the enzyme. The time, from removing the material from the 
plant until the section w^as ready for study under the microscope, varied 
between 15 and 20 minutes. 


Lake method 

Although a particular indicator will permit the detection of urease by the 
first appearance of color change, the ammonia generated at the enz 3 rme points 
diffuses so rapidly into the surrounding cells that the color of the alkaline 
indicator becomes quite diffuse. The ammonia may also invade tissues con- 
taining no enzyme and the indicator^test may then give spurious results. It 
is therefore necessary, for sharp localization of the en 23 mie, to secure a 
reagent vrhich will form a non-diffusible precipitate at the enzyme points. 
At the same time it is desirable to poison the enzyme points in order to pre- 
vent ammonia from being continuously liberated and invading the neigh- 
boring tissues. It is necessary, moreover, that the precipitate be readily 
visible within the cells. Of the large number of reactions tested, the forma- 
tion of a lake (an adsorption complex of a dye with the hydroxide of a heavy 
metal) satisfies these three requirements. 

The inactivation of a urea solution with various metals has been studied 
by Schmidt (19), and more recently by Jacoby (11). The following was 
found to be the order of poisoning effectiveness: Cu^^> Hg‘^> Ag^> 
Ni^> Fe^> Zn*^> Pb'"^. The last elements had only comparatively slight 
effect on urease activity. 
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The fonnation of metallic hydroxides at various hydrogen-ion concen- 
trations has been studied by Beiton (3) and others. They find that the 
hydrogen-ion concentrations at which the hydroxide will form is a character- 
istic of that metal. For example, Ni+* will form its hydroxide when added 
to a solution whose hydrogen-ion concentration is pH 6.7 or above. The 
hydroxides of the heavy metals are generally very insoluble gelatinous pre- 
cipitates which would be difiBcult to discern when formed within the cells. 
With the proper dye adsorbed, it is possible to detect traces of metallic 
hydroxides. 

The application of the principle outlined is best illustrated by a specific 
example. Microtome sections of an apical meristem are treated with 
aqueous haematoxylin. This is allowed to remain on the sections for a few 
minutes until it has penetrated all of the cells. Excess fiuid is drained off 
and a drop of a 1 per cent, urea solution and a drop of 0.05 M NiClj are now 
added. A cover slip is placed over the sections, excess fluid is drained off, 
and the slide is examined immediately with a microscope to note the distribu- 
tion of the deep blue color of the nickel hydroxide-haematoxylin lake. 

The order of adding the reagents depends on the amount of enzyme 
present. If the enzyme is highly concentrated, as it is in the mature 
cotyledons, it is advisable to use a solution of nickel chloride and in addition 
a trace of cupric or mercuric chloride to poison the enzjTne more rapidly. 
This solution is added immediately after the urea. If, on the other hand, 
the enzyme content is very low, it may be desirable to add a very dilute 
nickel chloride solution some time after the urea .solution is added. The 
enzyme action will convert the yellow haematoxylin to a red-purple color. 
On addition of the dilute nickel chloride solution, this color will become 
deep blue and quite sharply delimited from the yellow of the surrounding 
tissues. 


Quantitative urease determinations 

An excellent discussion of various quantitative methods for the de- 
termination of urease is given by Epleb (A). After several methods had 
been tested, a colorimetric method was chosen. The ammonia produced by a 
piece of tissue containing ureasO, after the latter has acted on a urea solu- 
tion for a certain time, is driven over with a rapid current of air into an 
acid solution in which the ammonia is determined. With some modifications 
the method is essentially thatdescribed by Yak Slxke and CtrLtiEN (29). 

A weighed portion of fawmssue is finely ground in a porcelain mortar 
witii 1 to 2 ec. of M ph(Mg)faate buffer (pH 7.2), with quartz sand when nec- 
essary. The mixtore is transferred to a volumetric flask of appropriate 
capacity, made np to volume with distilled water at 30° G., and the flask 
placed itt the water bath (30° C.). Into each of the several reaction tubes 
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are pipetted 1 cc. of phosphate buffer, 1 cc. of freshly prepared 2 M urea 
solution, and the requisite amount of distilled water. The amount of dis- 
tilled water is so chosen that the final volume of solution in the reaction tube 
is exactly 10 cc. The tubes are also placed in the water bath. After they 
have come to the temperature of the bath, an aliquot of tissue solution k 
pipetted into each tube. The time from the beginning of grinding until the 
tissue is added to the reaction tube varies between 10 and 15 minutes. Ex- 
actly 30 minutes (stop watch) after the tissue is placed in the tube the urease 
is inactivated by the addition of 0.5 cc. of 2.5 N HgSO^. The acid solution 
serves a twofold purpose. It not only inactivates the enzyme solution 
completely, but also decomposes the ammonium carbamate which w’as pro- 
duced by the hydrolysis of urea. (Alkali does not inactivate urease com- 
pletely.) After 5 minutes, the reaction tube is placed in the aeration 
apparatus. A few drops of caprylic alcohol and 5 gm. of anhydrous KoCOj 
are rapidly added, the tubes stoppered, and suction from the water pump is 
applied. Control tubes containing tissue but no urea are treated in all 
respects like those described above. After all the ammonia has been driven 
over into the tube containing acid, it is determined colorimetrically with a 
Duboscq colorimeter. If the ammonia content is above 0.05 mg., the cus- 
tomary Nessler’s reagent is used. For determinations of less than 0.05 mg. 
NHv the sodium phenate reagent as modified by Van Slyke and Hiller 
(30) was used. 

The sum of the ammonia present in the tissues and in the reagents, sub- 
tracted from the total ammonia values obtained, gives the ammonia produced 
through the decomposition of urea by the urease of the tissues. 

Using a maximum of 0*5 gra. of tissue and a time-period of 30 minutes 
for reaction the method permitted the determination of a w’ide range of 
enzyme activity. In actual practice, the enzyme values ranged from 30 U.U. 
down to 0,0001 U.U. where VJL, the urease unit, is a quantity of urease which 
will produce one milligram of NH ^ per minute tinder the experimental condi- 
tions employed. 

Factors concerned in quantitative urease determinations 

The quantity of urease is determined indirectly by measuring the rate of 
formation of ammonia from urea under certain standardized conditions. 
These conditions "were chosen and various other factors examined in relation 
to their influence on urease activity. Although numerous publications have 
dealt with the quantitative measurements of the activity of a particular 
tissue containing an enzyme few bear upon the difficulties that arise in an 
attempt to make comparisons of the quantity of enzyme in the same tissue 
at different stages of development, or in different tissues. A number of 
factors cannot be adequately controlled. However, an approximation to the 
true values of enzyme activity can be obtained. 
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A number of methods have been used by investigators to prepare the 
plant material for enzyme analysis. For determinations of the total enzyme 
content it is obviously useless to extract the enzyme, since extraction is never 
complete; it is different for different materials; and during extraction 
inactivation of the enzyme occurs. 

Effect of drying. — ^It is important to learn whether tissues may be dried 
without causing changes in enzyme activity. Pett (17) has studied the 
effect of drying germinated wheat seeds and concludes that the dipeptidase 
activity increases on drying. Since he used a glycerol extract of the material 
for his enzyme determinations, it may be that drying merely increased the 
amount of enzyme extracted by the glycerol, and not the dipeptidase 
activity. 

In the following experiments the material was spread out on filter paper 
and allowed to dry at room temperature (approximately 22° C.). The 
urease content was determined immediately and after several days of 
drying. 

TABLE I 

EiTECT or DEYING ON UKEA8E ACTIVITY 


Plant matemal 

Time AFTES 

CJOLLECTINO 

Moisture 

U.U. PEE 
BEAN 



% 

1 

Soy beans, nearly mature (beans 

Immediate 

61.0 


removed from pods; 10 us^ for 

1 day 

35.2 

0.988 

each determination) 

7 days 

10.1 

0.976 


TABLE II 


Effect op drying on urease activity 


Plant material 

Time AFTER 

COLLECTlNO 

U.U. PER OM. OP ORIG- 
INAL FRESH WEIGHT 

Jack bean leaflets (young; 5-8 cm. long; 
15 nsed for each determination) 

Immediate 

6 days 

0.0542 

0.0344 


The data in table I show only a slight decrease in urease content 
during slow drying of nearly mature soy beans. In tiie young leaflets of 
jack bean (table II), however, air-drying decreased the urease activity 37 
per cent. Because of these results it was decided that all analyses should be 
made on fresh tissues. 

Effect of macbeating. — ^To determine what effect crushing and macerat- 
ing the tissues would have on urease activity, opposite leaflets (with petiolules 
removed) of jack ^an plants were used. These leaflets possess numerous 
small stomata on the under surface but none on their upper surface. Whole 
leaflets, leaflets cut into 5-mm. squares, and macerated leaflets were compared 
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as to their urease activity. It was found that with a 0.2 M urea solution 
the whole leaf showed an activity one-thirtieth that of the macerated tissue. 
The 5-mm. squares of leaflets had an intermediate value. Infiltration of 
whole leaflets with urea by means of suction, and increasing the length of 
time for reaction on the urea solution to 60 minutes, increased the indicated 
urease values of whole leaflets to one-fourth that of macerated leaflets. It 
appeared probable that the lower value of urease activity, if whole leaflets 
were used, was because of the inability of the urea solution to come into con- 
tact with all of the available enzyme points in the cells. It was thought pos- 
sible that the permeability of the plasma membranes might be increased by 
the addition of 1 and 2 per cent, ethyl ether or ethyl chlorhydrin to the urea 
solution. Determinations on macerated, as well as on whole tissue, showed, 
however, that these chemicals, at the concentrations used, inhibited urease 
activity from 15 to 25 per cent. No increase in urease activity was observed 
with leaf-tissue mash suspended in 5 per cent, sodium chloride. Another 
series of experiments was performed to determine whether very high urea 
concentrations would not give values for urease activity of the whole leaf ap- 
proximating those of macerated leaves. Using 1 to 4 M urea solutions, it was 
found that the activity of urease in whole leaves, especially at the highest urea 
concentrations, approximated that of macerated leaves. It may be concluded 
that maceration of the jack bean leaves causes no detectable inactivation of 
urease. In this connection it is interesting to note that Linderstr0m-Lang 
and Holter ( 13 ) report no difference in the activity of peptidase present in 
whole sections of barley roots as compared with crushed sections. 

Urea concentration. — An attempt was made to choose a sufficiently 
high urea concentration so that the amount of decomposition produced in a 
given time would be independent of the concentration. The data of Van 
Slyke and Cullen ( 29 ) and of Lovgren ( 14 ) on soy bean extracts indicate 
that the rate of decomposition does not increase above a concentration of 
2 M urea, although the increase above 0.2 M is slight. Results were obtained 
on soy bean cotyledons that were in accord with the findings of these investi- 
gators ; that is, there was no appreciable increase in the decomposition rate 
above 0.2 M concentration of urea, A concentration of 0.2 M was then chosen 
for the quantitative investigations. It is a convenient concentration to 
handle, because a 2 M urea solution can be made up, and 1 cc. of this pipetted 
into a reaction tube, tissue mash and buffer added, and the whole finally 
diluted to 10 cc. 

It was later found that the conclusion arrived at for the urea concentra- 
tion of soy bean cotyledons does not hold for jack bean leaf tissue. Even 
above a 2.1 M substrate concentration there still is an appreciable increase 
in the rate of urea decomposition. With 0.1 M urea solution, 0.61 mg. NH^ 
was produced; with 0.7 M urea solution, 0.68 mg. NH^; with 2.1 M urea 
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solution, 0.72 mg. NHa ; and with 8.5 M urea solution, 0.76 mg. NHg. Ob- 
viously, one cannot speak of a maximum concentration above which all the 
enzyme points are being readily supplied with urea without specifying the 
tissue-preparation used. One may conclude that, if different tissues or plant 
parts, such as roots and leaves, are to be compared as to total urease content, 
an error of 25 per cent, may arise merely because of insufiScient urea concen- 
tration ; that when the same tissues or plant parts are being compared this 
error is eliminated. 

The temperature chosen was 30® C. This is suflBciently high temperature 
to effect rapid enzymic hydrolysis, but not high enough for inactivation of the 
enzyme to become an important factor. 

The reaction time was chosen as 30 minutes. This was selected after 
a number of preliminary trials had been made. Because the rate of inac- 
tivation of different enzyme preparations could not be controlled, the shortest 
time was chosen in which determinations of the lowest enzyme concentrations 
could be determined accurately. This of course depended on the sensitivity 
of the method selected for the ammonia determinations. 

Some idea of the rate of urease inactivation was obtained from the fol- 
lowing experiments. The moment that the maceration of the tissues was 
begun was taken as zero time. After a thorough grinding and i)roper dilu- 
tion, the' mash was placed at 30® C. and overlaid with toluene. At various 
intervals, an aliquot of the mash was taken for analysis, and allowed to react 
on the urea for 30 minutes at 30® C. 

TABLE III 

Bate or inactivation op mash containing ukeabe at 30® C. 


MATERIAIi USED 


Time apter 

BEGINNING OF 
MACERATION 


mtn. 


hr. 


Soy bean cotyledons (geraiinated 36 hours) 


55 

115 

295 


U.U. PER OM. 
FRESH WT. 


3.92 

3.86 

3.54 


Jack bean leaflets (5-*8 cm. long) 


' 49 
94 
194 
361 


21 

140 


0.0547 

0.0550 

0.0603 

0.0605 

0.0574 

0,0069 


Jack bean leaflets (5^ cm. long; dried at 
room temiperature 6 days) 


66 

396 


0.0344 

0.0041 
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From table III it is seen that the decrease of urease activity in the soy 
bean cotyledons is negligible during the first few hours. It is interesting to 
note that the mash, made from fresh leaflets of jack bean, actually increases 
in urease activity during the first three hours. Here again the change of 
activity, during the first hour after addition of urea, is negligible. With 
leaflete of jack bean, dried at room temperature for six days, the rate of in- 
activation appears to be especially marked; no change in urease activity 
was observed on the addition of 0.5 cc. of saturated aqueous HoS to the 
reaction tubes containing an aliquot of mash. These experiments indicate 
that two simultaneous processes are going on : an inactivation of the enzyme 
by denaturation, coagulation, or poisoning; and a dispersion, peptization, or 
activation of the enzyme. 

The hydrogen-ion concentration of pH 7.2, which was produced by a 
phosphate buffer, was used for the urease determinations. LcJvgren (14), 
using phosphate buffers, reported an optimum pH between 7.2 to 7.8 for soy 
bean extracts. Howell and Sumner (10) found that the urease activity 
depended on the type of buffer and on the concentration of urea, the pH 
optimum increasing with decreasing urea. Bach (1) found an optimum 
hydrogen-ion concentration of pH 8.6 for a urease preparation extracted 
from an Aspergillus. It is quite possible that the optimum hydrogen-ion 
concentration for a urease preparation may depend to some extent on its con- 
comitant impurities, as has already been found for certain enzymes. No 
experiments were conducted to determine whether the hydrogen-ion con- 
centration optimum is different for different structures of the same plant. 
With the dipeptidases of the wheat grain Pett (17) found about the same 
pH-activity curve for all portions of the wheat grain that were studied. 

Since ammonia is produced during urea hydrolysis and the solution 
becomes alkaline, it is necessary to have a sufficient amount of buffer present 
to prevent any marked change in the hydrogen-ion concentration. In this 
investigation, a quantity of enzyme material has been taken which will 
generally produce less than 1 mg. of NH, in 30 minutes. A concentration 
of 0.1 M phosphate buffer (prepared from Na,HP 04 and KH^>P 04 ) was used, 
which when present in the enzyme substrate mixture was found to keep the 
hydrogen-ion concentration from increasing more than three-tenths of a pH 
unit. 

The recovery of ammonia with the aeration apparatus watJ determined, 
using standard solutions of ammonium sulphate, and also using mash plus 
standard ammonium sulphate solutions. Although 90 per cent, of the am- 
monia was recovered after 30 minutes of aeration at room temperature, 
recovery was complete only after two hours of aeration. The presence of 
mashed tissue did not interfere with recovery. 

Sampling op plant material. — ^Analyses were made on the basis of the 
fresh weight of plant organs or parts of organs. The organs were removed 
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from the plants in the morning, then weighed and analyzed immediately. For 
each analysis generally ten organs were selected from ten different plants. 
The tissues were ground and duplicate determinations were run on aliquots 
of the mash, including also a control for the free ammonia present in the 
mash. In selecting samples for analysis, an attempt was made to choose 
plants that were similar in number and length of leaves and internodes. 
Plants either more or less vigorous than the average were discarded. 

Discussion and conclusions 

It is necessary to clarify the term ‘‘quantitative’’ in reference to enzyme 
determinations. An enzyme is detected only through the catalysis of a more 
or less specific reaction. This criterion is, however, not suflBcient to estab- 
lish the absence or the total quantity of enzyme, but merely the amount of 
“active” enzyme present. 

An extensive review by Lovgren (14) of the inactivation of urease by 
various substances indicates that inactivation, in most instances, can readily 
be accounted for by a denaturization or coagulation of the protein. As for 
activation by specific substances, Waldschmidt-Leitz and Steigebwald 
(26) report that urease activation with glycine or hydrocyanic acid is ob- 
served only with crude enzyme preparations, and not with purified or 
crystalline enzymes. There is some evidence (2, 5, 7) that oxidation inac- 
tivates and reduction reactivates urease but the meaning of this is not clear. 

The data at present available on crystalline hydrolytic enzymes, including 
urease, favor preponderantly the contention (24) that these enzymes are 
proteins containing in their make-up, and holding by chemical linkages, 
peculiar arrangements of atoms which constitute the active groups. Since 
urease can be detected only in its active state, that is, by the number of 
active groups with which the urea molecules can come in contact, it becomes 
important to examine under what conditions and to what extent these groups 
are available for action. 

In the ceUs, proteins are present in various states of aggregation, some 
protein molecules being monomolecularly dispersed, others clustered into 
larger groups, and still others aggregated into ergastic protein materials such 
as the globoids, aleurone grains, and crystals. The protein urease likewise can 
be considered to be present in the cells in these various states of aggregation. 
Gbabar and Reigebt (6) have recently investigated the activity of urease as 
related to partiele size. Using four different urease preparations they found, 
by means of membranes of graded porosity, that the particles of urease were 
in different states of aggregation. Crystalline urease in aqueous solution 
was the most homogeneous preparation examined, and had dimensions near 
those of serum globulin. On digestion of the urease preparations with 
trypsin it was found that those particles small enough to pass through 
spores 15 mp in diameter possessed no urease activity. Under the same 
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conditions seTum albumin passed through pores 30 mjj in diameter but not 
through 9 mji pores. Crystalline urease was the most active preparation. 
From these data, it appears that the activity of a urease preparation is at 
its maximum when the urease particles are of the dimensions of serum 
globulin particles (mol. wt. 150,000) ; presumably the urea molecules are now 
able to come into contact with all the available active groups of the urease 
particles. The work of Kirk and Sumner (12) may be cited as evidence 
that the decrease of urease activity occurs with agglomeration of urease 
particles. These workers noted that the inhibiting effect of anti-urease 
(antibody) on urease consists, largely but not entirely, in decreasing the 
dispersion of urease. 

From the above, it may be seen that when larger groups of urease mole- 
cules, as in the form of ergastie materials in the cell, are dispersed, an 
apparent synthesis may occur. If urease is decomposed proteolytically be- 
low a certain molecular weight there will be a loss of urease activity; but 
there may also be a decrease in urease activity or apparent decomposition 
when the enzyme becomes denatured, agglomerated, or stored in some form 
in which it is not readily dispersed. The urease that is detected is, in the 
main, in a highly dispersed condition. The data on the rate of inactivation of 
mash of jack bean leaf show an increase in urease activity during the first 
three hours after maceration, indicating that more of the active groups have 
become available than are being removed by autolysis or denaturization. 

There is no way at present of determining the total quantity of enzyme 
pre.sent (16, 18). The methods used in this investigation have been chosen 
to determine as nearly as possible the relative amounts of available active 
groups present in the cells at the time of examination. In all instances, 
where comparisons could be made of the histological and the quantitative 
methods with the same tissue, it was found that the results obtained with both 
methods checked each other nicely. One may infer, therefore, that in the 
macerated tissue, the enzyme does not differ in activity to any extent from the 
enzyme in the cells of tissue sections. The experiments in which “whole’’ 
and “macerated” leaf tissues were compared showed that macerating caused 
no detectable inactivation of the enzyme. Further experiments (table III) 
indicate that urease inactivation within the first 30 minutes after crushing 
the tissue is slight or negligible ; and this has been the length of time chosen 
for the enzyme to act on urea. 

Although, with the cotyledonary tissue of soy bean, there is no increase in 
the rate of urea decomposition above 0.2 M urea concentration, this is not true 
for the tissue of the jack bean leaf. In this leaf tissue, there still appears to be 
an appreciable increase in the decomposition rate of urea even above a 2.1 M 
concentration. This may be another instance of making the active groups of 
urease available, since it is known that urea in high aqueous concentrations 
has a powerful solvent action on many proteins, and appears to split certain 
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protein molecules. Edestin, for example, is split into particles whose molec- 
ular weight is about one-fourth of that determined by Svedbebg for edestin 
in neutral salt solutions. For convenience, a concentration of 0.2 M urea was 
used in these determinations. When different plant structures are to be com- 
pared as to total urease content, an error of 25 per cent, may arise because of 
an insufficient urea concentration ; when the same tissues or plant structures 
are being compared, however, this error is eliminated. Fortunately, the dif- 
ferences of urease content of different structures are much greater than 25 
per cent, so that this factor does not influence any of the conclusions that have 
been drawn from the data. 

Although the limit of sensitivity of the quantitative method is 0.0001 U.U. 
per gram of fresh weight of tissue (where a urease unit, IT.TJ., is that quantity 
of urease which will produce 1 mg. of ammonia per minute) , the histological 
method is not as sensitive. From comparative determinations it has been 
found that the indicator method cannot detect urease in tissues having a 
lower activity than 0.02 U.U. per gram fresh weight. 

By making certain assumptions,® it may be calculated that there are 
about 25 urease molecules contained in a cell, at the limits of sensitivity of 
the quantitative method. Since the indicator method is only one-two hun- 
dredth as sensitive as the quantitative method, at least 5000 urease mole- 
cules must be present in a cell in order to change the indicator color. It is 
therefore impossible to determine the positions of the enzyme in the cells 
by the indicator method unless the urease molecules are sharply localized in 
specific regions. 

Summary 

1. Two methods for the determination of urease are described. The 
first, a histological method, depends on detecting the increase in alkalinity of 
the cells as urea is being hydrolyzed by the urease present in the cells. This 
increase in alkalinity is made evident either by the use of a suitable pH 
indicator or by the formation of a lake. The second, a quantitative method, 
depends on the determination of the ammonia produced when urea is 
hydrolyzed by the enzyme. 

2. The following factors were considered in applying the histological 
method : The hydrogen-ion concentration of the tissue ; the suitability of 
various indicators ; the permeability of cells to indicator dyes and to urea ; the 
buffer capacities of cells and reagents ; the time factor for the method ; and 
the preparation of tissue sections for analysis. In the lake method, reagents 
were chosen which would form insoluble and highly colored precipitates at 
the enzyme points. 

^ Aisuaiptioiis : tHmetmom of a parenchyrna cell 20x50x50ji; deneity of cell 1.0; 
tliere i$ active group per urease molecule; urease has a molecular weight of 150,000; 
1 gm. of cr^alline urease can produce 26,000 mg. NHs per minute, which is the highest 
activity reported by Sumner (23). 
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3. The following factors were considered in applying the quantitative 
method to varioua tissues : Effect of drying the tissues ; effect of macerating 
the tissues; effect of various urea concentrations on the maximum urease 
activity ; effect of the temperature ; effect of the time ; the rate of inactivation 
of urease ; the effect of the hydrogen-ion concentration ; the choice and con- 
centration of the buffer; the recovery of ammonia by aeration; and the 
sampling of tissues for analysis. 

4. A concept of urease activity, based on the number of available active 
groups of urease, is discussed. 

The writer wishes to express his gratitude for the many helpful sug- 
gestions and the kindly criticisms of Professor P. G. Gustafson throughout 
the course of this investigation. 

University or Michigan 
Ann Arbor, Michigan 
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A RECORDING POTENTIOMETER FOR USE IN PHYSIO- 
LOGICAL INVESTIGATIONS 

B. H. Wallace 
(with seven PIGtTEES) 

Introduction 

Some years ago during the process of developing a vacuum tube volt- 
meter it was found necessary to build a recorder that was adequate to test 
and check the voltmeter. The instrument described in this paper is one 
evolved from the early recorder during more than three years of experi- 
mentation.^ 

It was found upon investigating the many types of recorders on the 
market that none could be said to be adaptable enough or to have the numer- 
ous other characteristics required for use in physiological problems. For 
this reason the fundamental ideal kept constantly in mind during the devel- 
opment of this instrument was to make every part as universal and as adap- 
table as was possible without sacrificing dependability or accuracy. 

Characteristics of the instrument 
Sensitivity 

Perhaps the first characteristic that we demand of an instrument is sen- 
sitivity. In this respect the one described below leaves little to be desired. 
As ordinarily adjusted the present instrument is activated by 0.1 microam- 
pere or, in terms of voltage, 0.1 millivolt. If, however, higher or lower sensi- 
tivity than this is desired it can be obtained. With maximum adjustment for 
sensitivity the instrument can be made to work well on 0.01 microampere. 
If, on the other hand, the potentials being measured are high, one can, by 
suitable shunts across the null galvanometer, tone the instrument down so 
that even tenths of volts are necessary to activate it. 

MiujIvoutage eange op bridge 

The one characteristic that is more inadequate than any other in most 
commercial recorders is the failure to equip them with a universal bridge. 
Only one or at most a few different scale values are given, and anything 
that is being measured which does not fit these arbitrary units must be modi- 
fied by shunting or other devices to bring them within the scale of the 
instrument. In the present case this is entirely eliminated. The bucking 
voltage of the instrument is furnished by dry cells. If the potential which 
we are to measure does not exceed 1500 millivolts, ordinary flashlight dry 

^ The writer wishes to express his appreciation to John L. Reinartz for demonstra- 
ting the feasibility of this type of instrument. 

487 



488 


PLANT PHYSIOLOGY 


cells are used, but if greater values than this are needed one can substitute 
the number of 45-volt batteries needed. 

Also by means of a suitable arrangement of resistances one can adjust the 
bridge so as to get any millivoltage from 3 to the full value of the battery. 
This is done by the mere turn of the required dial. In addition to this 
universal control of the millivoltage value of the bridge, one can likewise 
place the zero point of the bridge at any desired location between the two 
ends of the bridge. But even more important than this is the fact that the 
shifting of the zero for any point between the two ends of the bridge can 
be done without modifying the sensitivity for which the bridge is set. 
Below will be found the method 'whereby these adjustments are accom- 
plished. 

Calibration 

Calibration is made with the usual potentiometer. One simply decides 
the millivoltage in which he is interested and then sets up a potentiometer 
with this value. He then connects this to the imput leads of the recorder 
and adjusts the sensitivity control resistance so that this millivoltage gives 
him the centimeter deflection on the recorder drum that he desires. He 
then adjusts the zero control dial so that the zero is where he wishes it. 
Further information on this point will be found below. Under ordinary 
conditions this calibration is good for months. If at any time the batteries 
begin to fail, the action of the instrument makes this immediately obvious. 
Ordinarily the batteries have shelf life ; that is, they last just as long as if 
they were stored on the shelf — at least one year is reasonable. Obviously 
one can recheck the calibration in a few minutes at any time. 

Stability 

The instrument has functioned for months with no attention other than 
the replacement of the pilot bulb once in a while and other minor items of 
that sort. No fundamental element of the instrument has been replaced 
in a year of continuous use. The instrument even functions well when line 
voltage fluctuates from 100 to 120 volts. On one occasion when the instru- 
ment was being used as a light recorder illness prevented me from being in 
the laboratory for a period of two weeks. Nevertheless, when 1 did return, 
there were the complete records for the period. 

Length of record and speed of movement of paper 

The drum can be made to turn once a minute, once an hour, or twice a 
day, depending upon the shaft of the clock that is used for attachment. 
For most purposes .however it is set to turn twice a day. Since the drum 
itself is 36 cm. in circumference, the speed of movement of the paper is 
3 cm. per hour. A 150-foot roll of recording paper can be put in at one 
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time, which is a month’s supply (day and night run) when the drum 
revolves twice daily. 

Availabtlitv and cost op the instrument 

The instrument can be built by anyone handy with his hands and able 
to do simple wiring. A complete set* of five blueprints is available showing 
the full size and shape of all parts and the exact connections to be made. 
Two types of wiring schemes are given. One type, the ordinary schematic 
one of the radio engineer (fig. 2), that shows grids, cathodes, plates, etc., 
means something to those initiated into the realm of the radio but it means 
little to the rest of us. The other wiring scheme is purely pictorial and 
shows the exact size, spacing, shape, and connection for all parts (figs. 4, 5). 
The total cost» if one purchases all the mechanical parts ready-made but 
does the wiring himself, is about $125. This price, of course, includes all 
educational discounts. Anyone who understands the radio circuit type of 
wiring should complete that part in a day. The adjustment may require 
somewhat longer. 


How the instrument works 

Fundamentally this instrument is a self-balancing Wheatstone bridge 
of the null-indicator type. That is, a voltage is put across the two ends 
of a resistance wire. If one connects low resistance wire to one end of this 
system and then touches the other end of the wire to any point along the 
resistance wire, a meter in series with the low resistance wire will deflect, 
showing that there is a voltage along the first wire. This voltage consti- 
tutes the bucking voltage against which the unknown, which is being mea- 
sured, acts. The rest of the instrument consists merely of the various ele- 
ments necessary to move the traveling arm back and forth as the voltage 
of the unknown changes so that at all times the voltage on the resistance 
wire balances to 0.1 millivolt the voltage of the unknown. When this condi- 
tion is attained the instrument is in balance and the meter in series with 
the low resistance wire shows no deflection; that is, it is null. 

The bridge 

Let us now refer to figure lA to see how the universal bridge works. 
Assume that the wire AB is the bridge of the recorder and that B is the 
potentiometer controlling the sensitivity of the bridge. Then if 17 is a 1.5- 
volt (1500 mv.) dry cell and R is turned to no resistance, that is, i is up 

2 This complete set together with list of parts needed, catalog numbers, addresses of 
places of purchase, and all other information for the construction and adjusting of the 
instrument can be obtained for $1.00 by writing to R. H. Wallace, Storrs, Conn. All 
figures used in this paper as well as the originals from which the blueprints are made were 
drawn by H. E. Hill. 
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Fio. 1. Schematic wiring diagrams of bridge and method of connecting the bridge 
to a vacuum tube voltmeter. A, basic diagram of circuit showing how the voltage on 
bridge AB can be controlled by the adjustment of the variable resistance B, circuit 
siinilar to X, except resistance and battery Ui have been added making circuit balanced 
with sero between A and B. C, same circuit as in A and B with resistance 0 added to 
control the position of zero without modifying the sensitivity of the bridge. B, complete 
schematic diagram of the bridge of the recorder showing the method of connecting the 
nnll-control galvanometer and the unknown X. E, necessary modification of the bridge 
eonnections when the recorder is used with a vacuum tube voltmeter. For details regard- 
ing the bridge circuit and how it works see text. 

to point A, then the full voltage of TJ or 1500 millivolts will be across the 
bridge from A to B. The resistance of wire AB is 500 ohms and that of B 
is 25,000 ohms, so that the ratio of the two is 1 : 51. If then B is turned to 
full resistance (25,000 ohms), the voltage between A and B will divide up 
now in the ratio of this resistance or 1 to 51 so that the voltage now present 
from AtoB will be 1500 -f 51 or 29.4 millivolts. With this combination the 
bridge can be set for any value between 29.4 and 1500 millivolts, depending 
upon how much is put in from resistance B. Automatically, however, zero 
voltage is at B, since there is no resistance between B and the terminal of 
the battery. This zero point cannot be shifted. 

Suppose (fig. IB) we now add another resistance (Bj) which is identical 
to B. With B imd Bi now set for no resistance the voltage across AB 
becomes double tihat above because U, has been added and it is now 3000 
millivolts. On the other hand, if both B and B^ are set for full resistance, 
the voltage across AB will divide as 1 is to 101, since the ratio of resistance 
is now 500:50,500. The total voltage between A and B will therefore 
be 29.7 millivolts. New, however, the zero point has shifted up from B to 
BM^point near the middle of the bridge so that point A is 14.85 millivolts 
plnswiCi reapect to it while point B is 14.85 millivolts minus to it. The 
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zero point can be shifted back and forth by changing the resistance value of 
B or 2?i, but one will be modifying at the same time the sensitivity of the 
bridge. 

Suppose we now add a third resistance (0, fig. 1C), which is equal to 
or slightly greater than the resistance of AB, If this resistance is set with 
the traveling arm exactly in the middle of its resistance wire then the zero 
point on AB will be unchanged. If it is moved toward U, however the zero 
on the bridge will automatically shift an equal distance toward S; while if 
it is moved toward Ui, the zero will move toward A. Since the resistance 
of 0 is equal to or greater than that of AB^ therefore the zero can be shifted 
to any point between A and B. But notice this also ; as you add more resis- 
tance to the 17-side of the resistance 0 you take it away from the IZ^-side. 
Consequently, the total resistance in the circuit between the traveling arm 
^4 of the recorder bridge and of the zero adjusting potentiometer remains 
exactly the same. The zero can be shifted but the sensitivity is unchanged. 

Reference to the dotted line in figure ID will show another very valuable 
addition to the universality of the bridge. If one is measuring something 
which can drop to zero voltage, but never change sign, then, one can close 
switch Q and use the new bridge combination. When Q is closed, battery 
Z7i and resistance Bj are shorted off the bridge AB. They are shorted on 
themselves, but this does no harm since resistance is 25,000 ohms and 
therefore insures shelf life for battery U^. The bridge has now become a 
simple one like that in figure lA, except that resistance 0 is in the circuit. 
The attachment of the wire from Q to the moveable arm rather than 
directly to battery 77, enables one to set zero for any point between the two 
ends of the bridge the same as in figure IB above. This setting of zero 
entails modification of the sensitivity of the bridge, however, so that one 
must obtain the combination of zero and sensitivity of bridge by adjusting 
both B and 0. The value of this zero adjustment will be discussed below. 

Another valuable characteristic of this new bridge combination is the 
increased sensitivity of the null point which it gives. Thus, if one examines 
figure ID he will see that the circuit from the unknown (X) must be com- 
pleted through the zero-adjusting arm and the traveling-arm of the 
bridge. Between these two points we have B and B^ in parallel which 
means that they act as one resistance of 12,500 in series. Also in series with 
this 12,500 ohms will be one-half of the total resistance (assuming tg and 
are on center) of bridge AJB and resistance 0, since they likewise are in 
parallel. We may then have as much as 13,000 ohms in series with the 
galvanometer when Q is open. On the other hand, when Q is closed the 
maximum is 1000 ohms. Since the null-control galvanometer itself has 1000 
ohms resistance, this additional 1000 ohms will reduce its deflection per unit 
of voltage to just one-half when Q is closed. When Q is open, on the other 
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hand, it will be reduced to 1/13. 1?he instrument has so much sensitivity 
that even this loss is not important for most measurements, but in some eases 
this additional sensitivity is quite valuable. 

Figure IE shows the slight modifications in the wiring when the recorder 
is to be used with a vacuum tube voltmeter. The null-control galvanometer 
is disconnected from the bridge circuit and hooked directly in parallel with 
the plate circuit of the vacuum tube voltmeter. The unknown remains con- 
nected as in figure ID, and the grid circuit of the voltmeter is connected 
directly in series with it. 

We are now ready to complete the null connections (fig. ID). If we 
now connect an unknown (Z) to the imputs 1 and Zj, so that polarity bucks 
that from the bridge, the galvanometer {G) wull defiect. If some suitable 
mechanism is activated by the deflection of G which can cause traveling arm 
to move, then more or less voltage will be put into the circuit, depending 
upon which is required. When the voltage from the bridge exactly equals 
that from the unknown, then G w’ill no longer deflect and the mechanism 
will be in the null condition. This mechanism for maintaining null con- 
stitutes most of the remaining story of the apparatus. 

Null-activating device 

Electbical arrangements. — Figure 2 gives the schematic writing dia- 
gram of the entire mechanism that maintains the galvanometer on null. The 
galvanometer (6?) is placed directly in front of the pilot bulb (Fj) and also 
in front of the two symmetrically placed photoelectric cells (P and Pi). 
These photocells are attached to the control grids of the two mercury vapor 



Fw# 2. Sch^atic wiring diagram showing all electrical connections necessary in the 
automatically maintained null. 0, nullneontrol galvanometer with mirror ; pilot bulb j 
P, P„ photoelectric sells; p, s, pin and shield of photo-cells; F, JE,, grid leaks; N, JV„ 
mercury vapor tubes; Z, E,, limit switches; U, reversible motor; X, fuse; T, T,, and /, 
C, *^ectric clock to turn drum. For further details see text. 
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tubes {N and N^) with grid leaks {E and E^) suitable for these tubes. The 
plates of these mercury vapor tubes are connected through the limit switches 
{K and K^) to the split fields of the reversible motor (If). The twin trans- 
formers (T and TJ supply the 5-volt 10-ampere filament supply to the mer- 
cury vapor tubes. The supplementary transformer {J) is connected in series 
with these twin transformers to increase the voltage to 6^ volts to supply the 
pilot bulb C represents the electric clock that drives the recording 

drum. 

When the unknown is exactly balanced by the voltage on the bridge, the 
light from the pilot bulb (F^) hits the mirror of the galvanometer (0) and 
is reflected back between the photocells (P and Pi), the mercury vapor 
tubes are not activated, and the motor carrying the travelling arm on the 
bridge does not run. When the circuit is unbalanced, however, then the 
light may reflect back and hit the photocell (P). This causes the shield 
(s) to become plus and the voltage from the batteries (B) is allowed to 
pass and put a plus charge on the control grid of the mercury-vapor tube 
(N). This in turn allows the current to flow through the tube from the 
110- volt circuit to one field of the motor (;¥), causing the motor to run in 
one direction. If, on the other liand, the light is reflected on the tube (Pi), 
the same series of events occur for that side of the circuit and the motor 
runs in the reverse direction. The only connection between the bridge 
circuit and this activating mechanism circuit is the beam of light reflected 
back from the galvanometer mirror. In the early models of this recorder 
relays were used instead of the mercury-vapor tubes, but since they con- 
tinually gave trouble they were eliminated. 

The radio tube in its simplest form consists essentially of a cathode, a 
grid, and a plate. This tube is connected into a circuit in such a manner 
that current tends to flow" from the cathode, which is minus, to the plate, 
which is plus. This flow can take place only when the grid, which is be- 
tween the cathode and the plate, is likewise plus. A radio tube can there- 
fore be said to be an electronic relay. Most tubes allow only a few milli- 
amperes of current to pass. The mercury vapor tube varies from these in 
being able to let many amperes through. The type used in this circuit wrill 
pass 4.5 amperes at 1000 volts. This gives a current-carrying capacity 
many times that required for the 1/80 H. P. motor used in this instrument. 

Reference to figures 2 and 5 wdll show" limit switches {K and J5Cj) . These 
are put in the plate leads from the mercury-vapor tubes and the fields of 
the motor to cut the motor out in case the traveling arm tries to overrun 
at the limit of its run. This eliminates any possibility of the instrument 
being damaged. Likew"ise it will be noted that at X there is a fuse in the 
common lead to the fields of the motor. This is to prevent damage in case 
both sides of the circuit are activated at the same time and the motor tries 
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to 90 is both directions at once. It will be noted that the clock for driving 
the dram is connected in directly in parallel on the 110-voIt line. In figures 
4 and 5 are given the self-explanatory pictorial diagrams of the spacing of 
parts and wire connections. 

Optical abbakodmekts. — ^Figure 3 gives a section through the instru- 
ment showing the exact vertical spacial relationship between the various 



Fia. 3. Section tfarough instrument showing exact spacial relationship of all parts. 
In this figure, and those following, these parts are shown in their true shapes and relative 
sizes. 

parts. These relations must be followed very closely to obtain a workable 
opticid arrangement. The shading on the pilot bulb (F,) and the photo- 
cell represent photographer’s opaque which is used to mask out the excess 
light. Figure 4 shows the exact horizontal spacial relationship of all these 
parts. 

Mechaxical abbangements. — ^Figure 6 shows the motor with its reduc- 
ing gear, the screw rod carrying the traveling arm, and the spacing and mode 
of attadiment of the drum. It will be noted that opposite the traveling arm 
of the bridge there is another arm which moves along with it that is at the 
same time tracing the record on the drum. The recording paper is a wax- 
covered paper which requires no ink but merely pressure from a writing 
point to give a record. Figure 7 shows the spacing of parts on the front 
panel of the instrument. This spacing must be followed closely to enable 
One t 0 get in all the pa!rts as shown. The roll of paper is here shown as a 
fnll-oized roll of 150 feet. 
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FIG. 5. Diagram showing the 110-volt connections of the null-maintaining mechanism 
and the wiring of the bridge. 
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The writer will not attempt to ^ve in this paper the numerous details 
of construction and manipulation of the recorder. These will be found, 
however, in full detail on the blueprints or in the supplementary informa^ 
tion enclosed with them. It may be said, however, that while this additional 
information greatly simplifies the work, nevertheless, anyone familiar with 
amateur radio construction can with no difiBculty construct an instrument 
from the information here given. 

A double recorder can likewise be constructed from these paiis with 
only veiy minor modifications. This double recorder is made of two entirely 
separate but identical bridges and null-activating mechanisms inclosed in 
one cabinet and writing on one drum. The ground plan of this instrument 
is simply the plan as shown in figures 4 and 5, with the mirror image of 
this plan used on the other side of the drum. This instrument has the same 
fundamental characteristics as the single recorder. The bridge arrange- 
ment controlled by the switch (Q) gives one complete control of the location, 
of zero. This is a very valuable characteristic to have in a duplex recorder. 
Thus one can set the two unknowns under test for equal centimeter deflec- 
tion on the drum with their zeros on the same base line. Furthermore, one 
zero can be 1 cm. below the other, or there can be any other combination 
desired. One can even have one base line at one end of the drum and the 
other at the other end and have the curves move toward each other, or have 
them in the center of the drum and measure in opposite directions. Bach 
of these combinations has its special suitability for certain materials under 
measure. The quality of work which this instrument can do will be amply 
shown in a study of light sampling to appear in an early issue of this 
journal. 


Application of the instrument 

Recording potentiometer or millivoltmeter 

This instrument can be used in experiments involving a great number of 
physiological problems because of the adaptability of the various parts. It 
has worked excellently for testing the stability of vacuum tube voltmeters 
and for recording voltages being measured by means of a vacuum tube volt- 
meter. It has also been used on hydrogen ion and electrometric titration. 
The chief application so far made of it has been the recording and study of 
methods of measuring light. It is peculiarly adapted to this use because of 
its universality. Some preliminary tests have been made of it with thermo- 
couples for temperature measurements, and it seems equally well suited for 
this work. A study of the characteristics of the instrument will indicate to 
anyone many other applications. 
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Automatically maintained null 

A very valuable application of this instrument is that of an automati- 
cally maintained null device accurate to 0.1 microampere or 0.1 millivolt. 
That is, one can use it to measure pH or to maintain pH. If one sets the 
traveling arm of the bridge for some pH he desires and then disconnects 
the anode leads of the two mercury vapor tubes from the motor and con- 
nects them instead to an acid- and an alkali-adding device, the pH value 
can then be maintained with very great accuracy. The mercury vapor 
tubes are capable of running an i-horse power motor which gives some idea 
of the power available for maintaining any type of null desired. 

The writer does not consider the present instrument perfect, and there- 
fore welcomes all criticisms and suggestions for its improvement. In this 
manner, although the instrument may be far from perfect at present, we can 
hope finally to develop an instrument ideally suited to the very exacting 
requirements of physiological work. This instrument had its inception in 
the study of vacuum tube voltmeter stability. It is not and, in the very 
nature of the many problems involved in its evolution, cannot be the work 
of one person. It is therefore with the very greatest pleasure that I express 
my indebtedness to E. L. Kelly, D. G. Steele, John L. Reinartz and L. B. 
Crandall for their invaluable assistance. That which this instrument is, it 
is through the cooperative efforts of us all. 

CoNNEoncDT State Colusgz 
Stobbs, Connecticut 



OONTBIBUTION TO THE KNOWLEDGE OP PLANT 
PHENOLASES* 

Busolf M. Samisch 
(with one piguke) 

Introduction 

Respiratory chromogens are thought by Palladin and his coworkers 
(16» 17) to play an important role in plant respiration. Dihydroxy and 
trihydroxy phenols are found among these chromogens. They are oxi- 
dized to quinones by molecular oxygen in alkaline solution. In acid solu- 
tion, a similar oxidation occurs in the presence of oxygen and plant 
phenolases. The possible role of phenolase in plant respiration has been 
questioned, because attempts to correlate activity with rate of respiration 
have failed ; furthermore, phenolases could not be found in a large number 
of plants. It should, however, be bom in mind that a correlation between 
phenolase activity and rate of respiration can be expected only if the 
enzyme is the limiting factor in the system. That this is not the case can 
be seen from the fact that the addition of phenolic compounds to a plant 
extract known to contain phenolase is followed by the development of 
colored products. In other words, the amount of enzyme present is larger 
than that required for the oxidation of a plant chromogen normally pres- 
ent and the chromogen appears to be the limiting factor. The fact that 
phenolases have not so far been demonstrated in a number of plants may 
be due to the fact that the possibility of specificity among phenolases such 
as is known to occur among other enzymes has been ignored. Thus the 
reagents used for the determination of their presence may have contained 
reactive groupings that are attacked by some phenolases but not by others. 
That such a condition prevails will be shown in this paper, in which 
observations are reported which appear to indicate the existence of 
three phenolases, specific for the ortho-, meta- and para-hydroxy group- 
ing respectively. 

Methods 

The plant extracts were prepared from frozen material by extraction 
with 1 per cent, sodium bicarbonate solution. The extracts were imme- 
diately neutralized with glacial acetic acid and saturated with toluol. 
Phenolase activity was measured by observing manometrically the rate of 
oxygen absorption by the extract-substrate mixture in a Barcroft-Warburg 
respirometer. The reaction took place under oxygen at 25® C. in a 

1 From the Division of Fruit Products and the Division of Plant Nutrition, Univer- 
sity of California, Berkeley. 
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medium buffered with an acetate mixture. None of the extracts showed 
a measurable oxygen absorption in the absence of a suitable poly-phenoL 
The details of the method have been discussed elsewhere (19). 

Experimentation 

The catalyzing power of different plant extracts was tested on various 
phenolic substrates at varying concentrations and pH. The extracts from 
fruits of apricot (var. Royal) and avocado (var. Spinx) oxidized catechol 
very rapidly and pyrogallol only slowly. The ratio for avocado was about 
6:1*. Avocado extract oxidized phloroglucinol at an exceedingly slow 
rate, while apricot extract caused observable effect. Neither avocado nor 
apricot extracts oxidized phenol, resorcinol, quinol, or tryosine, although 
potato extracts oxidized tryosine at a rapid rate. The avocado and apricot 
extracts were used with resorcinol between 0.1 and 1 M concentration from 
pH 3.9 to 7.1, and with quinol at 0.15 and 0.3 M concentration between 
pH 3.9 and 7.1. The tyrosine was used only at pH 6.5. 

An extract of lemon leaves (var. Eureka) was found to oxidize phloro* 
glucinol very rapidly, but it oxidized resorcinol very slowly (pH 6.2, cone. 
0.5 M). Catechol and pyrogallol were oxidized at a considerably slower 
rate than phloroglucinol (table I). No oxidation of phenol or tyrosine 
was obtained. The ratio of the rate of phloroglucinol oxidation to that of 
catechol was about 11:1. A rather interesting phenomenon observed was 
the action of catechol upon the phloroglucinol-oxidase system. Catechol 
inhibited the oxidation of phloroglucinol (table I). 


TABLE I 

Effect op catechol upon the rate of oxygen absorption by lemon leaf extract in 
THE presence OF PHLOROGLUCINOL AT pH 6.2 AFTER 20 MINUTES (iN MG. X 10*) 


Substrate 

0.0125 M 
phloroglucinol 

0.0125 M 
phloroglucinol 
0.05 M catechol 

0,05 M 
catechol 

Enzyme and substrate 

316 

166 

138 

Substrate blank 

0 

90 

110 

Enzyme and substrate cor- 




rected for blank . | 

315 

i 

76 

28 


After exposure to oxygen without the enzyme the phloroglucinol remained 
almost colorless although having a greenish-yellow tinge ; the catechol had 
browned; but a mixture of the two became green. When the enzyme was 
2 tJnleRR stated otherwise, this ratio refers to absorption of oxygen under optimum 
substrate x^oneintration. 
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present the mixture of the two substrates turned greenish black. The 
mixture of cateehol and phloroglueinol prepared in a test-tube prior to 
the determination remained almost colorless in absence of the buffer. 
When auto-oxidation was hastened by raising the pH the dark green pig- 
ment developed. The amounts of absorption by the substrate blanks 
(table I) seem to indicate that the presence of phloroglueinol only slightly 
inhibited the auto-oxidation of catechol. From this we may infer that 
the reactive OH groups of the catechol were not involved in the reaction 
causing the formation of the green pigment associated with the inhibition 
of enzyme action of phloroglueinol in the presence of catechol. A possible 
explanation of the inhibition of phloroglueinol oxidation by catechol would 
seem to lie in a reaction of the phloroglueinol with the oxidation product 
of the catechol. 

The extracts from young pear leaf (var. Bartlett) very rapidly oxidized 
quinol. Catechol was oxidized at about one-fourth the rate of quinol (table 
II), and pyrogallol still more slowly. Resorcinol, phloroglueinol, phenol, 
and tyrosine were not oxidized to a measurable extent. 

The various extracts had different properties in respect to their power 
of oxidizing different phenolic groupings. Apricot and avocado extracts 
oxidize most rapidly the ortho-hydroxy-phenol, lemon extract the meta- 
hydroxy-grouping, and pear the para-compounds. More than one such 
group was attacked by most extracts. On the assumption that more than 
one enzyme was present, attempts were made to separate them. The 
enzymes were fractionally precipitated by alcohol, filtered, dried, and 
redissolved in water. The relative activity of the precipitate for different 
substrates was tested. However, no significant differences could be ob- 
tained because of the great differences in the rate of catalysis of any one 
plant extract toward any two substrates. This necessitated correspond- 
ingly large dilution of the stronger one, thus increasing the error consider- 
ably. The enzymes in avocado, apricot, and lemon could be precipitated 
'with 75 per cent, alcohol while the enzymes in the pear could even be 
precipitated with 45 per cent, alcohol. 

It has been shown (21) that the catalytic power of apricot extract is 
destroyed by exposure for only 1 hour at 70® C. Extracts of pear leaf 
and lemon leaf (without buffer) were brought to boiling and then immersed 
in boiling water for one-half hour. Table II shows the effect produced by 
boiling. While the power to oxidize catechol was lost by the lemon leaf 
extract, it was still able to slowly oxidize phloroglueinol. The power to 
catalyze the oxidation of quinol had been completely retained by the pear 
leaf extract while it had lost most of its action on catechol. Thus in the 
same extract one catalytic power could be destroyed, while the other 
remained unharmed, which lends strong support to the theory that we are 
dealing with more than one enzyme. 
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TABLE II 

Effect upok pbskolase activity op heating poe one-halp houe at 100® C. 


SOUEOEOT 

sxtbaot 



O 2 X 10* MG. ABSOEBEDt 

Substeate 

pH* 

AFTEE 10 MINUTES 




Unheated 

Heated 

Lemon 

1 0.5 M catechol 

5.6 

97 

0 

( 0.0125 M phloroglucinol 

6.3 

2670 

47 

Pear 

J 0.5 M catechol 

5.6 

56 

8 

( 0.05 M quinol 

6.0 

1 236 

237 


* pH at which oxygen absorption was determined (buffer added after heat axposure). 
f All values corrected for auto-oxidation. 


These extracts were purified by precipitation and reprecipitation with 
three times their volume of alcohol, and their pH-aetivity curves (fig. 1) 
and Michaelis constant were determined. The activities, as influenced 
by pH, are plotted here on different scales in order to be able to show the 
curves on one graph. In each case, however, the intersection of the 
ordinate on the abscissa is used as the zero point. While the apricot-catechol 
and the lemon-phloroglucinol curves show definite optima in the acid range, 
no optima occur in the pH range studied for the pear-quinol and the avocado- 
pyrogallol systems. No measurements were taken above pH 6.2 because of 
the greatly increased auto-oxidation of the substrate. It has been pointed 
out (20) that the catechol system, when obtained from different sources, 
shows an optimum pH, which is presumably due to the accompanying specific 
colloids as it differs for different plants. Further work would probably 
establish a similar relative pH relationship between the various enzyme- 
substrate systems in different plants. 
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The Michaelis constant was determined by plotting snbstrate-eoncen- 
tration-activity curves and finding by this graphic method the concentra- 
tion at which 50 per cent, activity was obtained. The results are shown 
in table IV. 

TABLE IV 

Michaelis constant of different phenolases 


Substrate 

Catechol 

Pyroqallol 

Phloroolucinol 

Quinol 

Source of 
extract 

Avocado 

Apricot 

Avocado 

Lemon 

Pear 

Michaelis constant 

7 X 10-2 

2-3 X 10-2 

6 X 10-» 

1-2 X 10-2 


These values, ranging between 6 x 10 ^ and 1 x 10“^, differ in their order 
of magnitude from those reported in the literature. Thus Warburg (24) 
found oxygenase of yeast to have a Km of 0.5x10'^ M oxygen, and 
WiLLSTATTER and Weber (26) reported a Km = 6x10"® M leueomalachite 
green for peroxidase of horse-radish. These and similar values for other 
oxidases caused Haldane (8) to suggest that the low constant of oxidases 
may prove to be a fundamental distinction from hydrolytic enzymes. 
Euler and Laurin (5) have shown that purification does not influence 
the Michaelis constant. The different values which they obtained for the 
Michaelis constant of saccharase from various races of yeast seem to be 
due to the presence of inactive enzymes which have retained their affinity 
for the substrate but do not dissociate from it. Since this would tend to 
produce lower values rather than higher ones, this factor does not seem 
to enter into the divergence which is reported here from the results of 
other workers. 

Discussion 

The observations reported in this paper tend to indicate that phenolases 
from different sources may be of a different nature. This expresses itself 
primarily in their specificity towards definite groupings. Bertrand (1) 
compared the relative rate of oxidation of phenols in the presence of 
lactase and found the rate of oxidation was in the order ; quinol > catechol 
> resorcinol. More recently Bunzel (2), working with various organs 
of the potato plant, came to the conclusion that the order of oxidation 
by oxidase was : para > ortho > meta. On the other hand, he found later 
(3) that this relation may not hold true in other plants and that the rela- 
tive order of ease of oxidation of different phenols may vary in different 
plants. In no case was the meta position found to be easily oxidized. 

The writer’s plant material has the advantage that in all cases tyro- 
sinase was absent, and that it was not measurable by the test-methods em- 
ployed. This enzyme, which Okuyama (14) has shown to be essentially 
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a dehydrogenase, may be responsible for the high rate of oxidation of the 
para grouping reported in some of the data. In each of the three types 
of material under discussion a di- or trihydroxy phenol with a different 
relative position of the hydroxy groups in the phenol ring was preferen- 
tially oxidized by the enzyme. We prefer to speak of relative rates rather 
than of absence of the oxidation of certain groupings because the oxida- 
tion may have taken place at such a slow rate that it remained unnoticed 
under the conditions of the experiment. 

It is, however, of interest to note in connection with the predominant 
role which Onslow (16) places upon catechol compounds, that the ortho 
grouping was more or less oxidized by the extracts in all three cases. 
Furthermore the oxidation of pyrogallol was slower than that of cate- 
chol, which shows that a group in a different position than those directly 
attacked may influence the reaction. 

These findings give rise to the following question : Do the preparations 
represent different enzymes, or is there fundamentally one enzyme with its 
activity modified by various plant colloids? Bunzel (3), who did not 
have quite as striking a ease with his material, thought that the modification 
in the relative rate of oxidation of several substrates by various plants 
was due only to differences in the colloidal substances accompanying the 
enzyme. He stated that this contention was supported by the fact that 
all organs of the same plant behaved alike, while if he had dealt with a 
mixture of enzymes, they would have been expected to differ in their 
behavior. Yet his data do not seem to bear out his conclusion inasmuch 
as various organs apparently show such differences. 

Of the three types of extracts discussed in this paper, the pear-leaf 
extract can be readily singled out from the other two. Para-phenolase 
of pear leaves is heat stable while the accompanying ortho-phenol ase is 
easily destroyed by heat. Indeed, the heat stability of the former would 
lead one to believe that it is an inorganic catalyst. Heat stable oxidases 
have been reported in alfalfa (4), tobacco (6), and mushroom (26). 
Furthermore a major part of this para-phenolase was precipitated by the 
addition of an equal volume of jklcohol to the solution, while the other 
phenolases necessitated the use of a higher concentration of alcohol for 
precipitation. 

The enzymes of the lemon-leaf extract could not be separated by frac- 
tional precipitatiotli with alcohol. Indeed, the fact that catechol greatly 
retarded the oxidation of phloroglucinol by lemon-leaf extract may pro- 
vide an explanation for the reported very weak oxidation of the meta 
grouping found in the case of avocado. Avocado reacts positively to the 
ferric chloride test used by Onslow (16) for the identification of catechol 
eompotuda. Citrus was classed by her among ‘‘ peroxidase ’’ plants for 
the lack of response to this test. This would seem to suggest that we may 
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be dealing with the same enzyme, the oxidation of the meU grouping in 
avocado and othet catechol plants” being inhibited by the presence of 
an ortho-phenol. However, it is difficult to see how such a small con- 
centration of ortho-phenol, as naturally occurs in the plant, should com- 
pletely inhibit meta oxidation as, e,g., in apricot. While much higher 
concentrations used in vitro for lemon extract fail to stop it completely. 
The inhibition of meta oxidation by catechol cannot be explained on the 
basis of a greater combining power of the enzyme with catechol as compared 
with phloroglucinol because the Michaelis constant of the meta oxidation 
is only half that of the ortho reaction, showing that the meta grouping 
is more strongly attached to the enzyme. 

Thus we found an oxidase able to oxidize ortho-phenols in apricot 
and avocado, plants containing tannins which gave a test for the catechol 
grouping. The concentrated tannin extracts of apricot (20) and solutions 
of commercial tannins were rapidly oxidized by the diluted oxidase of 
apricot and avocado. Lemon-leaf extract oxidized phloroglucinol prefer- 
entially, while in common with other citrus plants it is known to contain 
hesperidin, a glucoside of a meta-phenol. A para-phenolase was expected 
ill pear leaves, because they are known to contain arbutin, a glucoside of 
quinol, and it was actually found to be present in large amounts. Ap- 
parently different specific oxidases and their proper substrates are present 
in different plants. 

The question need be raised, as to why the oxidation of these phenolic 
cliromogens does not take place in so many plant tissues unless they are 
injured, in view of the fact that both substrate and enzymes are present 
in the vacuolar sap (18). This failure of pigment formation in the living 
cell, assuming the amount of the enzyme or any additional oxidative agent 
and the pH of the cells to be constant, may be due to one or more of the 
following mechanisms: (1) the rate of oxygen supply, (2) the amount and 
availability of the substrate present, or (3) the amount of an additional 
reducing substance present. The work of Steward (21) seems to indicate 
that oxidation and respiration of plant cells at cut surfaces may be limited 
by oxygen supply and it would seem that the influx of oxygen may play 
a major role in the darkening of cells beneath the cut surfaces of solid 
tissues. The fact that the substrate may be the limiting factor has been 
illustrated recently by Kertesz (11). He described the oxidase system 
of the Sunbeam peach, and he believed that the enzyme is apparently 
not different from that of other stone fruits, but that tannin is almost 
absent. This variety of peach will not discolor upon injury. In addition 
to a difference in quantity of the substrate there may also be a modification 
of its availability. Thus Lloyd (12) reports that for various plants tannin 
may be held at different stages of growth within a gel of cellulose-like sub- 
stance which may prevent its color reaction with iron salts. A complex 
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formation of hesperidin, in which the glucoside is surrounded by sugar 
molecules, has been mentioned by Hall (10). These colloidal formations 
may very well form systems which modify the rate of oxidation in the 
plant cell by limiting the available free substrate. The presence and 
activity of hydrolytic enzymes forms a very important mechanism to make 
the active grouping available for the oxidative system if it is bound, 
as glucoside. 

A third factor to be considered is the presence of a reducing substance 
providing for the reversibility of the system. Szent-Gyobgyi (22) 
showed that in the potato ascorbic acid could play this role. The writer 
observed the effect of ascorbic acid upon the systems discussed in this 
paper and found that with all substrates formation of a visible pigment 
was prevented in the presence of ascorbic acid, while the uptake ot oxygen 
continued. The oxidation of ascorbic acid could be followed in all cases 
by means of iodine titration. Furthermore, if the pigment had been pro- 
duced by oxidation of the phenol in alkaline solution, it could be reduced 
to the leucoform by ascorbic acid. Further evidence of this possible role 
of ascorbic acid in pigment formation is furnished by Morgan, Field, and 
Nichols (13), who found that apricots, which had darkened, had lost 
vitamin C, and by Joslyn, Marsh, and Morgan (10) who showed that 
darkening of orange juice would take place only after the amount of 
ascorbic acid had sunk to a low level. Reducing substances, other than 
vitamin C, may possibly prevent the formation of the respiratory pigments 
in plant cells. An enzymatic oxidation of the products obtained by alka- 
line hydrolysis of sugar has been reported by Guthrie (7). It would seem 
probable that the unstable forms of sugar, as they occur in the plant, are 
able to reduce the quinones, which are formed by the action of oxidases 
on phenols, or that the oxidized ascorbic acid may, in turn, oxidize other 
reducing substances as suggested by Szent-Gyorgyi (23). Such a system 
may form an important part of the respiratory system in the plant. 

Summary 

1. The catalytic lotion of a number of plant extracts upon the oxidation 
of phenols was tested in a Barcroft-Warburg respirometer. 

2. All extracts catalyzed the oxidation of more than one phenol, but 
preferential oxidation was shown by the various extracts for different 
phenols. 

3. The ortho-ph^!01ase from the fruits of avocado and apricot, which 
oxidized catechol rapidly and pyrogallol less rapidly, was inactivated by 
heating at relativdy Jow temperatures. Meta-phenolase from lemon leaves, 
which oxidized pfilo^oghicinol rapidly and resorcinol exceedingly slowly, 
was sotnewhat more heat resistant. Para-phenolase of pear leaf oxidized 
quinol and was lieat stable. 
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4. The pH-activity curves and the Michaelis constants for these 
enzyme systems are reported. 

5. Attention is called to the fact that glucosides, containing the phenols 
corresponding to the respective phenolases, are found in the plants 
examined. 

6. The oxidized forms of these phenols could be reduced in each case 
by means of ascorbic acid, thus showing that the systems are reversible 
under natural conditions. 

The writer wishes to express his indebtedness to Dr. J. P. Bennett 
for the valuable aid and suggestive criticism offered throughout this work, 
to Dr. W. V. Cruess for his help and the permission to use the facilities 
of his division, and to Dr. D. M. Greenberg for valuable suggestions. 
Univebsity or Califobnia 
Berkeley, California 
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EFFECT OF ULTRAVIOLET RADIATION ON INDOLE-3-N- 
PROPIONIC ACID 

Dobothv Uabk and H. Kkbsten 

( 

(with seven figures) 

Introduction 

Many effects on li\ ing as well as on non-living materials have been pro- 
duced by ultraviolet radiation so that, in view of the recent interest in the 
group of organic chemicals known as plant hormones, it seemed advisable 
to the writers to investigate the effect of ultraviolet radiation on one of such 
substances. Indole-3-n-propionie acid was chosen because it could be ob- 
tained easily and because its effect on plants could readily be determined. 
The work was divided into two parts : one concerned with the effects of the 
radiation on the acid, and tlie other with the effects of the irradiated acid 
on the roots of plants. 


Materials and methods 

In all of the experiments described, the source of the ultraviolet light 
was a water-cooled Victor mercury arc operated at 50 volts. Twenty milli- 
grams of the indole-3-n-propionic acid was dissolved in 1 liter of distilled 
water and irradiated in 500-cc. portions in a quartz cylinder having a Bake- 
lite base attached to the cylinder with Picein. The center of the cylinder, 
which was 7 cm. in diameter, was placed at a distance of 15 cm. from the 
arc and the liquid was stirred mechanically during irradiation. Solutions 
irradiated in small quartz test tubes produced the same effect on plants as 
those irradiated in the cylinder. Since the change in the acid was not caused 
by the Picein or the Bakelite the larger container was used throughout. 

Experimentation 

Effect op ultraviolet radiation on indole-3-n-propionic acid 

The following results were obtained from ultraviolet radiation of indole- 
3-n-propionic acid solutions. 

a. Aqueous and alcoholic solutions of the acid are colorless. If they are 
irradiated for several hours they become yellow. Solutions exposed to the 
air for the same length of time and otherwise treated in a like manner 
except for the irradiation remain colorless. 

b. Aqueous solutions of the acid are odorless. If they are irradiated for 
a short period they acquire an unpleasant odor which, after a longer period 
of irradiation, becomes faintly but distinctly fruitlike. This fruitlike odor 
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still ean be detected in solutions which have been diluted to ten times their 
original volume. 

c. Aqueous solutions of the acid evaporated to dryness at room tempera- 
ture in a draft of air leave a slightly yellowish residue. Irradiated solutions 
evaporated to dryness in a similar manner leave a dark brown residue having 
an unpleasant odor not possessed by the residue from the unirradiated 
sample. 

Alcoholic solutions of the acid evaporated to dryness at room tempera- 
ture in a draft of air leave a residue of the same color as the acid which was 
originally dissolved. Solutions of the acid in alcohol, irradiated for eight 
hours in a quartz test-tube and evaporated to dryness in a similar way, leave 
a dark brown residue having a disagreeable odor which suggests the presence 
of indole. 

d. Aqueous solutions of the acid reveal a bright blue fluorescence when 
irradiated with ultraviolet light. The intensity of this blue fluorescence 
gradually decreases during the irradiation. Its decay can be demonstrated 
photographically by the apparatus shown in figure 1, in which the light 



Fro. 1. Diagram of apparatus used to photograph decrease m fluorescence. 

coming through a slit placed in the cover of the quartz cylinder is photo- 
graphed at intervals during the irradiation. In this experiment the pro- 
cedure was first to photograph the light coming through the slit when the 
quartz cylinder contained distilled water and then to photograph it at 
intervals during the time the solution of the acid was being irradiated in the 
cylinder. Between each photograph the film was shifted slightly so that the 
images of the slit appeared in adjacent positions on the film. During the 
intervals- between photographs the cover containing the slit was removed 
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ana me solution stirred with an electric stirrer. The result of this experi- 
ment was that a progressive decrease in the blackening was observed. This 
decrease was shown clearly when the relative blackening was measured by a 
Zeiss microphotometer (fig. 2). 






'"y- 



Fig. 2. Below, photograph of the fluorescent light from indole-3 -n-propionic acid 
taken during irradiation with ultraviolet light with the arrangement shown in figure 1. 
Left to right, water, unirradiated acid, 15 min., 30 min., 1 hour, 2 hours, 3 hours and 
4 hours of irradiation. Above, microphotometer photograph, made from the original 
negative, showing that the fluorescent light gradually disappears with time of exposure. 

If a glass ivhieh absorbed the visible light but transmitted ultraviolet 
light was placed between the lamp and the quartz cylinder, the fluorescence 
appeared as a deeper blue and, although after a period of irradiation the 
solution remained clear in visible light, it seemed to be milky when lighted 

by ultraviolet light alone. . , ^ • 

e. The fluorescence of the acid solutions extends into the ultraviolet repon. 
This can be demonstrated by replacing the camera shown in figure 1 with a 
quartz spectrograph. The original spectrum from the ultraviolet l^amp 
appears on the photograph taken in this way, but superimpo^d upon this is 
a broad band extending from about 4500 A to about 3100 A which gradu- 
ally disappears as the irradiation progresses. Photographs taken at inter- 
vals during irradiation, as well as one taken whmi the quartz cylinder 

contained distilled water, are shown in figure 3. * 

f. Solutions of the acid exhibit a strong absorption band in the ultraviolet 
region which disappears during irradiation with ultraviolet light. Speetro- 
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Fio 3. Spectrogram* with the corresponding microphotometer photographs of the 
fluorescent hght emitted by Indole 3 n-propionic acid during irradiation with ultraviolet 
light. The lower spectrum is that obtained when the solution of the acid is replaced 
with dlstiUed water. The numbers at the left of each set of photographs give the num- 
ber of hours the solution had been irradiated before the photographs were taken 

grams were taken with a Gaertner quartz spectrograph on Cramer contrast 
plates using a high irequency tungsten spark as the source of ultraviolet 
%ht.^ The solutions were contained in fused quartz precision cells during 
irradiatioQ with the Victor mercury arc and while the spectra were being 
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photographed. The spectrograms, matched by the technique developed for 
this equipment by Loofbourow (4), yield the curves shown in figure 4. 



Fig. 4. Absorption curves of indole-S-ii-propionic acid before and after 1 hour 
of irradiation. 

Effect of irradiated indole-3-n-propionic acid on plant roots 

It has been shown by Hitchcock (1) that the rooting of tomato and 
marigold cuttings can be retarded by proper concentrations of indole-3-n- 
propionic acid in water, and Zimmerman and Hitchcock (7) have found 
that the aerial roots of tropical grapes were thickened abnormally and a 
large number of new roots developed when the root ends were immersed in 
growth solutions. Similar effects were observed by the writers when corn 
(Cross Golden Bantam = Purdue no. 51) and beans (Burpee s Stringless 
Green-pod bush bean) were grown in Knop’s solution containing unirradi- 
ated acid. The effect was either absent or very much less' in evidence when 
the acid used had been irradiated with ultraviolet light for several hours. 

The seeds for this experiment were sprouted in clean, moist quartz sand. 
When the roots were from one-half to one inch long the seedlings were 
placed on cheesecloth stretched over a pan so that only the roots, projecting 
through the cloth, were immersed in water placed in the pan. After two 
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days of growth in this way they were transferred to pans containing the 
nutrient solutions. 

A quantity of concentrated Knop’s solution was prepared. This was 
divided into three equal portions. One portion was diluted with water so 
that the concentration of the salts in it were : 


Ca(N 03)2 1.00 gm. per liter 

KNO 3 0.25 gm. “ • 

KH 2 PO 4 0.25 gm. “ ‘‘ 

MgSO^ 0.25 gm. 

PePO^ trace 


A second portion was diluted with an unirradiated solution of the acid so 
that the concentration of each of the salts was the same as that* of the first 
portion but the solution contained 2 mg. of indole-3-n-propionic acid per 
liter in addition to these. A third portion was similarly diluted except that 
an irradiated solution of the acid was used. Each of these three solutions 
was then placed in a flat enameled pan holding four and one-half liters of 
solution. Bach of the pans was provided with a wooden cover containing 
fourteen one-iireh holes. Young bean seedlings were supported in these 
holes by cheesecloth spread across the holes in such a manner that the roots 
dipped into the solution. The roots were compared after the plants had been 
grown in a greenhouse for from five to seven days. The results are Shown 
in figure 5. 



Pie. 5, SKTeet of iiidole-3-n-propionic acid upon the roots of bean plants. Left to 
rigkt^ irradiated acid, unirradiated acid, and control. 
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Boots of the plants placed in Knop’s solution containing the non-irradi- 
ated acid solutions became thick and stubby and formed many branches. 
Frequently, the epidermal layer of the thickest roots split revealing scores 
of newly formed branching roots. The stems and leaves of the plants were 
usually stunted. On the other hand, roots of plants placed in Knop’s solu- 
tion containing the irradiated acid solutions grew in a normal or nearly 
normal manner. There was either no evidence or very little evidence of 
stunting in the stems or leaves of these plants. 

Com seedlings also produced abnormally thick and stubby roots in the 
unirradiated acid solution, and the leaves showed even greater stunting than 
that shown by the bean plants. The roots of seedlings grown in nutrient 
solutions to which a solution of irradiated indole-3-n-propionic acid had 
been added appeared normal (fig. 6). 



Fio. 6. Effect of indole-3-ii-propionic acid upon the roots of corn plants. Upper 
left, irradiated acid; upper right, control; lower, unirradiated acid. 

The amount of non-irradiated indole-3-n-propionie acid used in the solu- 
tions was much greater than that required for the formation of abnormally 
thick, stubby roots. This was demonstrated in an experiment in which the 
non-irradiated acid was added to the solution in several different concentra- 
tions; namely, 2, 1, 0.5, and 0.25 mg. per liter, respectively. There was little 
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or no difference in the appearance of the roots of bean plants grown in the 
solntions containing 2 mg. and 1 mg. of the acid per liter. The roots of the 
plants in solutions containing 0.5 mg. of the acid were thick but not as 
stubby as those receiving more acid, and the roots in the solution with only 
0.25 mg. of the acid appeared normal in size but showed an abnormal amount 
of branching. 

Bean seedlings grown in nutrient solutions to which had been added solu- 
tions of indole-3-n-propionio acid irradiated for periods of 2, 4, 6, and 8 
hours showed that there seemed to be a progressive destruction of the acid 
during irradiation. Figure 7, which shows plants grown in solutions of 



Fig. 7. Effect of in^ole-S-n-propionie acid solutions irradiated for various lengths 
of time upon roots of bean plants. Left to right, unirradiated, irradiated 2, 4, and 8 
hours, control. 

unirradiated acid, in acid solutions irradiated for 2, 4, and 8 hours, and in a 
nutrient solution, shows very clearly the gradual change which occurs in the 
acid in as far as it affects the development of normal roots. It was interest- 
ing to note that as long as there was any hint of the presence of a disagree- 
able odor the roots were not normal. 

Discussion 

The evidence here presented points to the fact that a chemical change 
takes place in indole-3-n-prppionic acid during irradiation of the solution 
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with ultraviolet light. This is not surprising since tryptophan which is 
a-amino*indole-3-it^propionic acid has been shown to be destroyed by quartz 
lamp illumination (2). The destruction of both of these acids may be 
highly significant in plant life. We have shown that the destruction of 
indole-3-n-ppopionic acid is accompanied by a change in its action upon 
plant roots; therefore, a possible action of ultraviolet light upon the tiyp* 
tophan within the plant may in some part explain the effect of ultraviolet 
light upon plants. 

Since the authors were primarily interested in the physiological effect 
of indole-3-n-propionic acid, no particular effort was made to demonstrate 
just what change occurred in the material, although the changes in odor 
suggest that there may be first a breakdown to indole and then esterification 
of a product formed by a disruption of the indole ring. The odor of the 
product resulting after 8 hours of irradiation of the solution is strongly 
suggestive of that of methyl anthranilate which has a grape-like odor in 
dilute solutions and which has been shown to be present iti grape juice (6). 
The idea that the indole ring in the acid is probably destroyed by ultra- 
violet radiation has further support (a) in that this breaking up by quartz- 
mercury lamp illumination of rings containing nitrogen in the nucleus has 
been demonstrated by Lieben and Getreuer (8) in the case of uric acid, 
xanthine, uracil, alloxan, hydantoin and a-hydroxynicotinic acid, and (b) 
in the appearance of the absorption spectra before and after irradiation of 
the solution. The absorption spectra of solutions of the unirradiated acid 
show absorption which is characteristic of indole derivatives (6). This 
absorption band is destroyed when the acid is irradiated, indicating that 
indole compounds have disappeared from the solution. 

The difference in the appearance of the roots as the amount of acid in 
the solution was decreased was very marked. There was a tendency for the 
roots to grow longer with only the region near the tip becoming swollen. 
Short branching roots grew in this region. A comparison of the effect 
produced in the plants by solutions irradiated 8 hours and of the effect pro- 
duced by various concentrations of the unirradiated acid shows that the 
8-hour-irradiation period must produce a destruction of more than seven- 
eighths of the active groupings. The roots produced by plants grown in 
acid solutions irradiated 8 hours were like those produced by the control 
plants grovm in Knop's solution except that, in some instances, they were 
not quite as long as those of the control plants. This slight inhibition of 
growth may be explained in that there was still a very small quantity of the 
original acid remaining in the solution, or in that the products formed dur- 
ing irradiation have a slight physiological effect upon the plants. Since there 
is not always a difference in root length of the control plants and plants in 
the- irradiated acid solutions, the first suggestion seems to be the more logical. 
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This work with the unirradiat'ed acid upon corn and bean plants extends 
the field of activity of indole-8-n-propionic acid to two new species and 
outlines a procedure which is easy to follow. The results are consistent 
whether the plants are grown individually in dark bottles or all in one pan. 

Summary 

Irradiation of indole-3-n-propionic acid with ultraviolet light from a 
mercury arc changes many of its physical properties and also changes its 
effect on the roots of plants. 

The writers wish to express their thanks to Dr. D. A. Wells, Dr. J. H. 
Hoskins, and Dr. P. F. Heyroth for advice and assistance on this problem. 

Basic Science Beseaboh Laboratory 
University or Cincinnati 
Cincinnati, Ohio 
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FACTORS AFFECTING COLD RESISTANCE IN PLANTS 

StUAET DtJNN 

Introduction 

In testing cabbage and other herbaceous plants for cold hardiness (2) 
a considerable amount of variation in the reaction of individual plants was 
found. A given group of ten or more similar plants would show freezing 
injury varying from total death through stages of intermediate injury to 
those unharmed, when subjected to average killing temperature. 

It became of interest to determine if methods might be devised to pro- 
duce plants of a more uniform nature and not showing so great a variation 
in hardiness within a group. Any factors, environmental or otherwise, that 
would aid in producing uniformity in that respect, would also help to 
increase the average group hardiness. In the present paper studies have 
been made on the effect of soil moisture, mineral nutrition, growth tempera- 
ture, and selection. 

Tysdal (7) working with alfalfa and Worzella (12) wuth winter wheat 
found that the plants survived artificial freezing tests to a greater extent 
in dry soils than in wet soils. How’^ever, the plants were not grown con- 
tinuously at these different soil moisture levels but the soil was merely 
allowed to become dry to a certain percentage or wetted to a high one 
sliortly before freezing the plants. This w’^as also true of the conditions 
under which alfalfa was tested by Weimer (8), winter wheat by Hill and 
Salmon ( 4 ), and alfalfa by Peltier and Tvsdal (6), where plants in the 
dry soil were injured more severely than those growing in wet soil. It 
seemed desirable to determine the effect of growing plants continuously 
from the seedling stage on at different soil moisture levels, not only for 
amount of survival but for uniformity of individual reaction. 

The effect of mineral nutrition on hardiness, particularly w’ith respect to 
the elements nitrogen, phosphorus, and potassium, has been extensively 
studied by Wilhelm (9, 10). He investigated the effects on hardiness of 
growing various plants such as wheat, oats, barley, rye, tomatoes, and beans 
in sand cultures with high, normal, low, and minus amounts of these ele- 
ments supplied in the nutrient solutions. In general high amounts of 
potassium gave greatest survival of freezing temperature, and low and nor- 
mal nitrogen, and low and normal phosphorus the same. The plants receiv- 
ing none of any one of the elements being studied were usually the poorest 
in survival. Crane (1) has found that fertilization with nitrate of soda 
caused peach buds to be susceptible to winter injury. 

Most of the work on effect of growth temperature on hardiness has been 
in the nature of hardening experiments for comparatively short periods of 
time when the plants were partly growui and in w^hich rather extreme tem- 
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peratures were used either continuously or with alternations with higher 
temperatures. This was true of the work of Tydsdal (7) and of Tumanov 
(6). The former found that low temperatures alternating with higher ones 
produced hardier plants, and the latter found an intermediate continuous 
temperature more effective than a higher or lower one, but none of these as 
good as outside winter conditions. In the experiments reported here, the 
effect was determined of growing plants from seed continuously at different 
average mean temperatures. The effect of this sort of conditions has 
scarcely been reported, except for general observations on effects of differ- 
ent climatic conditions. 

The value of vegetative selection as a means of increasing hardiness has, 
up to the present, not been given any consideration. 

Experimentation 

Effect of soil moisture 

Cabbage plants were grown in soil in glazed pots, which for some of the 
experiments were of about one-half-gallon capacity, and for others one 
gallon. Air-dry soil was evenly tamped in them and the pots allowed to 
stand in water until the soil was saturated. On the basis of this weight of 
water as 100 per cent, saturation other percentages of 50, 60, 70, and 80 per 
cent, were figured, and, after drying down to these points, seeds were 
planted. Each pot was kept up to its assigned moisture content by frequent 
weighings and addition of water. 

Several different series of plants were grown at each of the above con- 
stant moisture amounts. After reaching a good size, in 5 to 6 weeks, they 
were placed in a cold storage room at - 5° C. for 15 hours and observations 
made on survival. 

The results of all these tests when summarized were found to be very 
contradictory and inconclusive and did not give any direct evidence that 
high or low soil moisture content influences hardiness. Thus the tabular 
data will be omitted. There were also encountered the usual variations in 
injury by plants within a group indicating that this method of growing 
plants does not produce similar behavior in hardiness among individuals 
treated alike. 


Bst^ot op mineral nutrition 

Cabbage plants were grown in sand in glazed 1-gallon pots, 3 plants per 
pot. Forty pots were used for the study of each nutrient and they were 
divided into two lots, one receiving a nutrient solution containing a low 
amount of the particular element being studied and the other a high amount 
of it. The composition of the different solutions used may be seen in table I. 
The soluti<m contained a complete amount of the other necessary minerals 
in each case and the solutions were supplied to the plants every 48 hours. 
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TABLE I 

Table of dilutioks fob nutrient cultures 
Milliliters op i mol, solutions op salts hade up to 1 liter. Diluted 10 times 

AND APPLIED AT 200 ML. PER POT EVERY 48 HOURS 


Salts used 

Nitrogen 

Phosphorus 

Potassium 

High 

Low 

High 

Low 

High 

Low 


ml. 

ml. 

ml. 

ml. 

ml. 

ml. 

K H, PO4 

80 

80 

75 

25 

75 

25 

Ca (NO,), 

120 

20 

75 

75 

75 

75 

Mg SO4 

80 

80 

75 

75 

75 

75 

Fe Cl, 

5 

5 

5 

5 

5 

5 

Ca a, 


100 





K a 




50 

50 


Na H, PO4 






50 


with a thorough washing of the sand with water every week to remove 
accumulated deleterious substances. Thus the results on the effect of the 
lack or presence of each of these elements studied was obtained from a total 
of 60 plants for each treatment. The plants in all cases grew vigorously 
and were of uniform appearance. After they had attained a good size, 
usually at the age of about 2 months, they were tested for hardiness by 
exposure to a temperature of - 5° C. for 24 hours. All plants were grown 
in a cool greenhouse at a temperature of 10® to 20° C. 

The results appear in table II. The plants grown with high and low 
nitrogen showed striking differences in size and growth up to the time of 
chilling. Those with high nitrate were much larger and more vigorous, but 
the plants in each group were very uniform in appearance. Two separate 
series of tests were run on this element and in each case the percentage of 
those uninjured by the cold does not differ greatly in the two treatments. 
The percentage difference for one is exactly the reverse of the other. In all 
of these tests, as with previous work, individual variations were found. 

Plants grown in the same manner as above with high and low potassium 
solutions did not show any visible differences in growth and size up to the 
time of chilling. The usual variations in individual reactions were found 
here also. The figures indicate a slight advantage in favor of the low potas- 
sium group, but the percentage difference would indicate no real significance. 

Two different series of high and low phosphorus plants were grown and 
tested, the plants being of uniform, vigorous appearance. In the first series 
the usual individual differences were manifest, but in this case it was the 
high phosphorus group that showed the greater hardiness, more pronounced* 
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l-ABLE II 

KmcCT OF MINEEAL KUTBITIOK ON HARDINESS OF CABBAOE 


Elements in 

NUTRIENT 

PEEOENTAaB OF SUEVIVAI* 

High 

Low 


% 

% 

Nitrogen 

45 

50 

Nitrogen 

60 

54 

Potassiutn 

62 

1 68 

Phosphorus 

45 

35 

Phosphorus ^ 

1 42 

* 40 


Fluorine 

No 

Fluorine 

added 

fluorine 


35 

42 


than that apparent between the high and low series of the other two nutri- 
ents. The next year the other series was grown to confirm this difference if 
possible. Individual differences within the groups of similar treatment 
again appeared but the total difference between the high and low series was 
so slight as not to be significant. It is evident then that this element, like 
potassium and nitrogen, has but slight influence on hardiness. 

The effect of fluorine on hardiness was tried because of the results 
reported by Wilson (11) on the effect of various halogen salts on some 
characteristics of tobacco plants. He found that fluorides in small amounts 
furnished to plants grown in soil increased the bound water content of the 
plant, which, according to some investigators, is associated with hardiness. 

Accordingly cabbage plants were grown in sand culture in a similar way 
as for the other nutrient experiments, all of the plants being supplied with 
a complete nutrient solution. In addition half of the pots were treated with 
sodium fluoride. Beginning when the plants were 9 weeks old every other 
day each pot was supplied with 0.5 gm. of sodium fluoride dissolved in 200 
cc. of its nutrient solution. About 8 days later the treated plants showed 
some slight signs of injury, such as yellow edges of leaves and reddened 
veins. On the twelfth day of treatment, the plants being good sized, both 
lots were chilled at ^ 5^ C. for 20 hours. The results as given in the table 
show a greater total hardiness in the untreated plants, indicating tliat 
fluorine is of doubtful value in inducing hardiness. 

Effect of growth temperature 

Although the percentage of soil moisture has but slight effect on hardi- 
ness of pll^nts, growing them in a soil of constant moisture content is of 
great value in producing plants of uniform size and vigor. Therefore this 
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method was used in growing cabbage plants at a soil moisture content of 70 
per cent, saturation in glazed 1-gallon pots and potato plants at one of 60 
per cent, saturation in glazed 3-gallon pots. Sixty of the cabbage plants 
and 25 potato plants were grown in a warm greenhouse kept constantly 
between 15® and 30® C., and a like number in a cold greenhouse at 10® to 
20° C. On the average there was 5® C. difference in temperature between 
the two houses at all times. The seed stock of the potatoes used in this 
experiment is of particular interest because of its previous treatment. 
Twenty-five tubers were progeny of plants that had been grown continuously 
in the w^arm house for three years and in this experiment were again grown 
in the warm house. The other twenty-five had a similar history and treat- 
ment in the cold house. 

When the plants w^ere of good size, at an age of 2 months in each case, 
they w'ere chilled; the potato plants at -1.1® C. for 20 hours, and cabbage 
at - 5® C. for 24 hours. The results on potato for 3 successive years and on 
cabbage for 2 yeans are summarized in table III. They indicate that a 

TABLE III 

Effect of growth temperature on h\rdinfss 


Plants 

No. OF 

CROPS 

Percentage of survival 

Plants grown 

AT 

10‘"-20° C 

Plants grown 

AT 

15°-30=‘ C. 



% 

% 

Potato 

1 1 

94 ! 

32 


' 2 

59 

38 


1 3 

62 

45 

Cabbage 

1 

35 

, 29 


1 2 

j 70 

56 


colder growth temperature is effective in producing a group of plants more 
hardy than those grown at a w^armer temperature. Nevertheless, here as 
in the ease of plants grown under other variations of environmental condi- 
tions there was no uniformity of behavior of individuals in any one group 
of plants. 


Effect of selection by vegetative propagation 
As has been emphasized hitherto, in any given lot of plants there is a 
marked tendency tow’ard individual variation in hardiness from total killing 
to no injury. It has been further shown that constancy of environmental 
factors, such as soil moisture content and gro\vth temperature, does not pro- 
duce greater uniformity in that respect. 
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It seemed desirable then to determine if these individual variations could 
be isolated or passed on from one generation to the next; that is, whether or 
not a uniformly hardy strain of plants could be produced by selection. 
Because of genetical.difficulties and other complications involved in growing 
plants from seed, vegetative propagation was used. For this work Bry- 
ophyUum and Jerusalem artichoke were used as they are easily propagated 
vegetatively, the former by leaf cuttings and the latter by tubers. 

A large number of Bryophylhim plants were started by leaf cuttings in 
sand from ordinary greenhouse stock. The plants were grown in soil in 
pots until of fair size and then chilled at -1.1® C. for 15 hours. This was 
found to be about right for the threshold killing temperature, as it was for 
potato plants. When first subjected to this temperature a large number of 
the plants were killed, but cuttings were made from the survivals and other 
plants of the second generation raised from them. When these had all 
attained suflScient size they were again chilled and the process repeated for 
several generations. The time required for each generation to be grown to 
a certain size varied from 4 to 6 months in most cases and thus they w^ere 
spread out over all seasons of the year, but at a warm temperature in all 
cases. Along with them were chilled a considerable number of plants of 
ordinary stock started from cuttings simultaneously with those of the 
selected stock and grown to the same age, under the same conditions, for 
comparative purposes. The results of these tests for six generations are 
summarized in table IV. 


TABLE IV 

Eitbct of selection by vegetative propagation on hardiness of Bhyophyllvm 


1 

No. of 

generations I 

Stock selected from 
HARDY individuals 

TJnselected stock 

No. OF plants 
CHILLED 

Survival 

No. OF PLANTS 
CHILLED 

Survival 



% 


% 

1 

' 


40 

15 

2 

63 

73 

100 

32 

3 

102 

77 

121 

50 

4 

135 

65 

100 

53 

6 

221 

54 

129 

36 

6 

271 

40 

250 

39 


These results* indicate that it is possible to build up temporarily a resis- 
tant i^trian by vegetative propagation, with the high point in this case com- 
ing in the third generation, but eventually the plants will revert back 
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toward the original condition. This is evident from the close agreement 
of the percentage of plants surviving in the two groups of plants in the 
sixth generation. Although the percentage of survival of the unselected 
stock in the third and fourth generations is rather high, the average of all 
the figures for this fiftock is 37, which again is very close to the final value of 
40 per cent, survival of the selected plants. 

The results of tests with Jerusalem artichoke were very similar to those 
on Bryophyllum, except that the reversion to the original status comes in 
fewer generations. 

An explanation of the reason for this temporary rise in hardiness in a 
group of plants treated in this manner is not readily forthcoming. Com- 
parison of these results to the time of year during which the generations 
were grown reveals nothing consistent as regards seasonal variations to 
which it may be due. Probably it is due to a stimulus or shock from the 
treatment which wears off after a time. Such reactions are not unknown 
among plants. Harvey (3) suggests that hardening in cabbage is a cold 
shock response, in that subjecting plants to cold for a few hours daily is 
just as effective in hardening them as continuous cold and that a few days 
of this treatment is as effective, or more so, than many days. A sort of 
fatigue is also evidenced by the sensitive plant, Mimosa, after repeated con- 
tact or jarring stimuli, if the repetitions are close together. 

It seems then, that selection of surviving plants and their vegetative 
propagation is not enough to hold hardiness at a high level. Probably in 
combination with some other factor of the environment, such as temperature 
of growth, the method might be more successful in producing a hardy strain. 

Summary 

1. An outstanding characteristic of herbaceous plants, tested for hardi- 
ness by freezing, is the individual variation in reaction in any given group 
of plants. Experiments were tried to eliminate these variations and to 
increase the average resistance of a group of plants by varying some of the 
environmental conditions, such as soil moisture, mineral nutrients, growth 
temperature, and by means of vegetative propagation of survivals of lengthy 
exposure to cold. 

2. Growing cabbage plants at different constant soil moisture levels did 
not eliminate variations of hardiness within a group, and did not increase 
the average hardiness of any group. 

3. High and low amounts of the nutrients nitrogen, phosphorus, and 
potassium did not affect degree or uniformity of hardiness of cabbage. 

4. A cool growth temperature for potato and cabbage did not eliminate 
individual variations within a group, but did cause a greater average sur- 
vival from freezing than with those grown at a warm temperature. 

5. Vegetative propagation of survivals of cold exposure in groups of , 
Bryophyllum and Jerusalem artichoke plants for several generations indi- 
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cated that the average hardiness within such a group could be increased 
temporarily, but eventually fell back to the original condition. Probably 
the effect of some other factor acting in cooperation with selection, such as 
a cool growing temperature, is required for holding the average survival at 
a high level. 

New Hampshire Agricultural Experiment Station 
Durham, New Hampshire 
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GAS CONTENT OP CRANBEERIES AND POSSIBLE RELATION- 
SHIP OP RESPIRATORY ACTIVITY TO KEEPING QUALITY^ 

Wm. B. Esselen, Je. and C. R. Fellers 
(with one figure) 

Introduction 

This investigation was carried on to determine the changes in the com- 
position of the internal atmosphere and in the catalase activity of cranber- 
ries as affected by variety and temperature while the fruit is in storage. 

Only a few papers have been published on the composition of the internal 
atmosphere of fruits. In much of the work that was carried on no attempt 
was made to correlate the results obtained with the keeping quality of the 
fruit. In this investigation the relationship between the experimentally 
determined keeping quality of cranberries and the composition of the inter- 
nal atmosphere is noted. No previous published report on the composition 
of the internal atmosphere of the cranberry was found. 

Equipment for collecting and analyzing gas 

Since the methods used by previous w^orkers were not suitable for this 
particular investigation it was necessary to devise a method for collecting 
the gas contained in the voids of cranberries. The following method for 
collecting gas from small fruit is rapid and sufiSeiently accurate for this 
w(»rk. 

The gas-collecting apparatus consists of a glass funnel inverted in a 
1 -liter beaker, containing approximately 500 cc. of water, freshly boiled, to 
expel any dissolved gases. The sample of cranberries, approximately 70 gm., 
is placed in the beaker of water and the inverted funnel is placed over the 
fruit. A length of rubber tubing connects the stem of the funnel with the 
gas-analj'sis apparatus. 

For the actual analysis of the gas a modification of the original Orsat 
apparatus was used. This apparatus consisted of a gas-measuring burette 
and tw^o bubbling absorption pipettes. The first pipette, used to absorb 
carbon dioxide, contains a 12 M solution of sodium hydroxide, while the 
second pipette used to absorb oxygen, contains an alkaline pyrogallic acid 
solution. 

The gas-collecting and analyzing apparatus is set up as shown in figure 1. 
By means of the water-level bottle the air in the funnel is removed, and the 
funnel and tube connecting the funnel mih the Orsat apparatus are filled 
with gas-free water^^ from the beaker. The water in the beaker is heated 

3 Contribution no. 253, Massachusetts Agricultural Experiment Station, Amherst, 
Massachusetts. 
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Pig. 1. Apparatus for collecting and analyzing gas. 

until all of the gas is expelled from the voids and intercellular spaces of the 
cranberries. This gas collects in the upper part of the funnel. As soon as 
the gas is collected it is drawn into the gas-measuring burette by means of 
the water-level bottle. The gas is allowed to stand until it has come to the 
temperature of the apparatus, and then its volume is determined by holding 
the water-level bottle so that the water level is the same in the bottle as in 
the burette. The sample of gas is passed into the carbon dioxide absorption 
pipette, and then passed back into the measuring burette. The absorptions 
are continued until a constant reading is obtained in the measuring burette. 
The volume is read and the diiference from the original volume represents 
the volume of carbon dioxide contained in the sample. After the volume of 
carbon dioxide is determined, the volume of oxygen is determined in a 
similar manner by bubbling the gas into the oxygen absorption pipette. The 
residual gas after the absorption of carbon dioxide and oxygen is calculated 
as nitrogen. The volume of each of the gases is expressed in terms of 
percentage of total volume of gas. 

Experimentation 

Effbct of freezing and submergence on the composition op internal 

ATMOSPHERE OP CRANBERRIES 

In to determine the effect of various environmental factors on the 
composition of the internal atmosphere of cranberries, several samples of 
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fruit were collected from a natural cranberry bog, at Millis, Massachusetts. 
The cranberries were of the Howes variety. Summaries of the composition 
of the internal gas and the carbon dioxide-oxygen ratio, as well as the en- 
vironmental conditions to which each sample was subjected, are presented in 
table I. 

Considering the carbon-dioxide ratio as indicative of the rate of respi- 
ration, the cranberries which were left on the vines had a much higher rate 
of respiration than those which had been harvested about a month earlier 
and placed in storage. Since a high rate of respiration is detrimental to 
fruit, it would seem advisable not to leave the cranberries on the vines too 
long after they are mature. 


TABLE II 

COUPOSITION or INTEENAL ATMOSPHEKB Or BaRLY BLACKS STORED AT 3° ('. (37.4“ P.) 


Days in 

STORAGE 

No. or 
DETESEt* 
MINA- 
TIONS 

Oxygen 

Carbon 

DIOXIDE 

Nitrogen 

Carbon 

DIOXIDE* 

oxygen 

ratio 

(coyoo 

Condition or fruit 



7r 


% 



0 

10 

12.73 

6.12 

81.04 

0.48 

Good 

7 

4 

19.49 

2.75 

77.85 

0.14 

t i 

14 

4 

16.75 

3.20 

80.04 

0.19 

k k 

26 

7 

11.55 

2.89 

85.54 

0.25 

. . 

32 

7 

16.26 

4.05 

79.68 

0.24 

( ( 

46 

2 

18.33 

2.26 1 

1 79.40 

0.12 

( ( 

52 

1 

2 

1 

17.78 

1.71 

80.50 

0.09 

Fiuit becommi? soft 
and decayed 

74 

1 

1 

1 

15.81 

1.86 

82.33 

0.12 

Fiuit approximately 

1 50% decayed 

84 

! 

1 

15.37 

5.59 

i 

79.04 

0.36 

1 Fruit approximately 
i 50% decayed 


Of the cranberries which were raked early in September, the fruit which 
was left on the bog and submerged in water had a much higher rate of respi- 
ration a month after picking than those cranberries which had been in 
storage during this time. 

Of the cranberries which were left on the vines, those which were sub- 
merged in water showed a higher rate of respiration than those which were 
above water and in the air. It is possible to correlate these results with 
those obtained by Franklin (1), and also by Wakabayashi (9), who found 
that submergence weakened cranberries and made them more susceptible to 
disease and breakdown. A correlation of results indicates that the weakened 
condition of cranberries which have been submerged in water is due to the 
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increased rate of respiration. In cranberries which have been frosted the 
rate of respiration, is materially reduced. 

Composition op internal atmosphere as affected by variety, 

TEMPERATURE, AND PERIOD OP STORAGE 

In order to determine the variations in the composition of the internal 
atmosphere of cranberries throughout a definite storage period, and at dif- 
ferent temperatures, two varieties of cranberries, Early Blacks and Howes, 

TABLE III 

Composition or internal atmosphere op Early Blacks stored at 24° C. (75.2^ F.) 


Days in 
storage 

No. or 
peter* 

MINA* 

TIONS 

Oxygen 

Carbon 

PIOXIPE 

Nitrogen 

Carbon 

DIOXIDE* 

OXYGEN 

RATIO 

(CO,/0,) 

Condition or rRUir 




% 

% 



0 

10 

12.73 

6.12 

81.04 

0.48 

Good 

7 

7 

12.53 

7.89 

79.13 

0.62 

i ( 

14 

7 

9.21 

12.16 

78.62 

1.32 

Fruit becoming soft, 
rot setting in 

21 

7 

6.66 

12.89 

80.44 1 

1 1.93 

Fruit soft and 
shriveled 

28 

7 

5.10 

12.02 

82.86 

2.35 

High percentage of 
fruit decayed and 
soft 

35 

7 

10.13 

. 10.47 

79.39 

1.03 

Fruit very soft 

40 

3 

11.64 

7.79 

80.56 

0.67 

Fruit very soft and 
shriveled 

46 

3 

9.49 

11.28 

79.23 

1.13 

1 

Fruit very soft and 
shriveled 

53 

1 3 

9.27 

9.32 

81.40 

, 1.00 

Fruit very soft 

61 

> 2 

10.33 

7.80 

81.87 

1 0.75 


68 

1 ^ 

7.33 

10.00 

82.67 

[ 1.36 

Fruit shriveled and 
dried 

78 

1 

8.39 

8.59 

82.82 

1.00 

Fruit 100% soft, 
shriveled, rotten, 
and dried 


were stored in a cold storage room at 3° C. and in a warm room at 24® C. 
Samples of the fniit were taken at weekly intervals and the internal gas 
was analyzed. In order to have representative samples, cranberries were 
taken from various parts of the storage container and mixed together to 
make a uniform sample. All of the cranberries used in this experimental 
work came from Wareham, Massachusetts. 

The results of the weekly analyses of the samples of cranberries are 
given in tables IT, HI, IV, and V. Kesults are calculated as percentage by 
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volume of oxygen, carbon dioxide, and nitrogen, and the carbon dioxide- 
oxygen ratio is given* 


Discussion of results 

The temperature of storage has a marked effect on the keeping quality 
of cranberries. The Early Blacks stored at 24® C. broke down and decayed 
in approximate^ twenty days, while those stored at 3® C. remained in good 

TABLE IV 

Composition or internal atmosphere or Howes stored at 3® 0. (37.4° F.) 


Days in 

STOEAOE 

No. or 
deter- 
mina- 
tions 

Oxygen 

Carbon 

DIOXIDE 

Nitrogen 

Carbon 

DIOXIDE- 

OXYGEN 

RATIO 

(CX),/0,) 

Condition or fruit 



% 

% 

% 



0 

11 

14.69 

8.32 

77.08 

0.57 

Good 

7 

4 

13.94 

8.80 

77.25 

0.63 

t < 

14 

1 

15.66 

7.83 

76.61 

0.49 

t i 

24 

3 

12.42 

7.98 

79.71 

0.64 

4( 

27 

4 

15.92 

6.53 

77.64 

0.41 

i i 

37 

6 

13.65 

9.32 

77.02 

0.68 

( i 

44 

3 

13.49 

8.80 

77.70 

0.65 

tt 

50 

3 

15.57 

7.24 

77.18 

0.46 

ti 

58 

3 

13.47 

6.28 

81.22 

0.39 

(t 

76 

2 

10.40 

6.82 

82.77 

0.65 

it 

81 

3 

15.95 

5.75 

78.29 

0.36 

Fruit slightly soft 

87 

3 

16.30 

6.08 

78.61 

0.39 

it it it 

109 ! 

2 j 

14.94 

6.63 

1 

78.42 

0.44 

Fruit slightly soft, 
otherwise in good 
condition 

116 

1 

1 

1 

13.43 

5.97 

80.60 

0.44 

Fruit slightly soft, 
otherwise in good 
condition 

151 

! 

2 ! 

14.19 

5.92 

1 

1 

79.88 

1 

1 

0.41 

Fruit slightly soft, 
otherwise in good 
condition 

169 

5 1 

15.55 

5.86 

' 78.57 

0.37 

Fruit slightly soft, 
otherwise in good 
condition 

168 

3 

15.45 

5.27 

79.25 

0.34 

Fruit in fairly good 
condition 

397 

3 

15.49 

4.79 

1 

79.71 1 

0.31 

1 i 

Fruit 50 to 70% 
soft and unmar- 
ketable 


condition for over three months. At a temperature of 24® C. the Howes 
also broke down in approximately twenty days ; and at this warm tempera- 
ture their keeping quality was no better than that of the Early Blacks. 
However, at a temperature of 3® C. the Howes remained in good condition 
for seven months. 

Throughout all of the tests the internal atmosphere of the Howes had 
a much higher carbon dioxide content and a correspondingly lower oxygen 
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content than did the Early Blacks. Hence, the carbon dioxide-oxygen ratio 
of the Howes was considerably greater than that of the Early Blacks. These 
results indicate that the keeping quality of cranberries may vary with the 
carbon dioxide content and the carbon dioxide-oxygen ratio. 

The nitrogen plus inert gas content of the internal gas of the cranberries 
is similar to that of the atmosphere, about 79 per cent., except when the 
fruit is respiring at a very rapid rate. When the respiration rate is high 


TABLE V 

C!ouposmoN or intebnal atuosfhkbe or Howes stobeo at 24° C. (75.2° F.) 


Bats in 

8TOBAQE 

No. OP 
deter- 
mina- 
tions 

Oxygen 

Carbon 

DIOXIDE 

Nitrogen 

Carson 

DIOXIDE- 

OXYGEN 

RATIO 

(CO,/0,) 

Condition op fruit 

® 1 

11 

Vr 

14.59 

7r 

8.32 

% 

77.08 

0.57 

Good 

6 1 

9 

7.21 

13.66 

79.21 

1.89 

Slightly soft 

13 1 

10 

6.24 

16.95 1 

1 76.80 

2.71 

Fruit becoming soft 

21 

10 

5.39 

17.62 ' 

76.98 

3.27 

Fruit quite soft, rot 

28 

1 7 

5.14 

1 

18.49 

1 

1 

76.21 ’ 

3.59 

1 setting in, un- 
marketable condi- 
1 tion 

Softness and rot in- 

37 

1 

1 

7 

4.64 

17 24 

78.11 

3.71 

creasing 

Large percentage of 

44 

1 

7 

5.28 

17.90 

76.81 

3.38 

fruit very soft 
Most of fruit very 

oO 

6 

5.61 

17.07 

' 77.31 

3.04 

soft 

Most of fruit very 

58 

1 

6 

5.53 

16.17 

1 

78.27 

2.92 

soft 

Fruit very soft 

60 

3 

7.53 

12.93 

1 79.53 

1.71 

Fruit very soft 

73 

2 

6.14 

11.25 

' 82.85 

1.83 

Fruit badly shriveled 

80 

1 

5.73 

11.46 

82.81 

2.00 

Fruit in decayed con- 


1 




1 

dition 


the increased carbon dioxide content apparently replaces some of the nitro- 
gen. But in general it may be said that the preeentage of nitrogen in the 
internal atmosphere of cranberries is quite stable. When the cranberries 
have stopped respiring, or the cells are dead, the composition of the internal 
atmosphere approximates that of the outside atmosphere, i.e., 79 per cent, 
nitrogen and 21 per cent, oxygen. 

When stored at a warm temperature, the Howes showed a very rapid 
increase in the carbon dioxide content and a correspondingly rapid decrease 
after the peak was reached. Under similar conditions the carbon dioxide 
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content of the Early Blacks showed a more gradual increase and decrease 
and the peajt was lower than in the Howes variety. Maoness (6) , Kidd and 
West ( 4 ), and Harley and Fisher (2) obtained similar results from their 
studies on the internal atmosphere of apples. 

In the cranberry there is a definite amount of respirable material which 
must be used up during respiration, before internal breakdown sets in. If 
the fruit is stored at a high temperature this material is used up more 
rapidly, as is shown by the carbon dioxide-oxygen ratios. In a similar 
manner it is shown that when cranberries are stored at low temperatures 
this respirable material is used up very gradually with the result that the 
life of the cranberry is greatly prolonged. 

It is interesting to note that the Early Blacks stored at 24° C. showed a 
secondary peak in the carbon dioxide content and in the carbon dioxide- 
oxygen ratio. This secondary peak occurred after the fruit was very soft 
and decomposed. The odor of the cranberries made it quite evident that 
fermentation was taking place within the fruit. In all probability this 
increase in the carbon dioxide content of the internal gas was due to the 
action of microorganisms on the decomposed fruit. 

The data obtained from these tests indicate that by a study of the carbon 
dioxide-oxygen ratios, based on the composition of the internal atmosphere 
of cranberries, it is possible to determine the length of time that cranberries 
may be kept in cold storage before internal breakdown sets in, and the fruit 
is in an unmarketable condition. This information may be obtained by 
running a test on cranberries stored at a high temperature for approxi- 
mately ten days in the fall, when the fruit is first placed in storage. By 
comparing the carbon dioxide-oxygen ratios it is possible to forescast ahead 
approximately how long cranberries may be kept in storage. Such a fore- 
cast of the keeping quality of cranberries should be of value to canneries 
and people using cold storage. The writers propose also to check this 
method against the ‘‘spore load’’ and incubation tests for keeping quality 
as described by Stevens (8). The present studies supplement the reports 
on respiration in cranberries during storage by Morse (6) and on the spoil- 
age of cranberries after harvest by Shear, Stevens, Wilcox, and Rudolph 
(7). In general, these results are in agreement with the findings of these 
investigators. 

Catalase activity of cranberries stored at 3° C. and 24° C. 

In conjunction with the study of the changes in the composition of the 
internal atmosphere of cranberries during storage the catalase activity of 
the cranberries was determined at weekly intervals. Two methods were 
used in the determination of catalase activity. The first method used was 
the potasrium permanganate titration method, by which the hydrogen per- 
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oxide not decomposed by the catalase is determined by titrating with potas- 
sium permanganate. The amount of potassium permanganate solution used 
varied inversely with the catalase activity. This method was discontinued 
because the tannins and pigments present in the fruit also reduce the per- 
manganate solution, and because the results obtained are not a true indica- 
tion of the actual catalase activity. 

The second method for catalase determination was very satisfactory. 
The principle of the method is the volumetric liberation of oxygen from 
hydrogen peroxide as described by Hawk and Bergeim (3). While cran- 
berries show a moderate catalase activity, there was no correlation between 
catalase and respiratory activity at 3° C. but there was a direct correlation 
at 24° C. In general, a high catalase activity is associated with poor keep- 
ing quality. There is a sharp increase in activity a short time before cran- 
berries begin to show structural breakdown in cold storage. The volume of 
oxygen liberated from hydrogen in Howes or Early Black varieties stored 
at 3° C. varies from 2 to 4 cc., while at 24° C. this value is somewhat higher. 
The data were not sufficiently impressive to warrant further experimental 
work though four different lots of cranberries were examined at weekly 
intervals for several months. 


Summary 

1. Submergence causes an increased rate of respiration in cranberries 
and an increase in the carbon dioxide content of the internal atmosphere. 
It is probable that the increased rate of respiration weakens the cranberry 
and makes it more susceptible to fungus disease, as has been observed by 
Franklin (1) and also by Wakabatashi (9). 

2. Frosting reduces the rate of respiration in cranberries. 

3. There is an increase in the respiration of cranberries if they are left 
on the vines after the usual picking time or maturity. 

4. The temperature of storage has a marked affect on the keeping quality 
of cranberries. Cranberries stored at 24° C. (75.2° F.) became soft and 
partially decayed within twenty days. 

5. The carbon dioxide content and the carbon dioxide-oxygen ratio vary 
directly with the keeping quality of the cranberries. 

6. The nitrogen content of the internal atmosphere of cranberries is 
relatively constant and approximates that of the atmosphere. The carbon 
dioxide and oxygen contents of the internal gas vary with the rate of 
respiration. 

7. Cranberries contain a definite amount of respirable material which 
must be used up before cranberries show physical breakdown in storage. 
When there is a high rate of respiration these expendable energy reserves 
are used up more rapidly and the life of the cranberry in storage is cor- 
respondingly decreased. 
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8. By means of the carbon dioxide-oxygen ratio it is possible to forecast 
with fairly good accuracy several months in advance the keeping qualities 
of cranberries in cold storage. 

9. There is no significant correlation between catalase activity and 
respiratory activity of cranberries in storage. 

10. The potassium permanganate titration method for the determination 
of catalase activity in cranberries is inaccurate because of interfering sub- 
stances which are present in the cranberry. 

IfABSACHUSmTS AOKlCniiTURAL EXPESIMSNT STATION 

Amhbbst, Massachusetts 
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NATTJBE OF THE BLACKMAN EEACTION IN PHOTOSYNTHESIS 

Robert Emebbon and Lowell Gbeen 
(with three itgures) 

Introduction 

Among those writing on the mechanism of photosynthesis, which include 
Warburg (7), Willstatter (9), and Franck (3), the opinion is widely 
held that the Blackman reaction, which limits the rate of assimilation at 
high light intensities and carbon dioxide concentrations, involves the decom- 
position of a peroxide, formed in a preceding photochemical reaction, by the 
enzyme catalase. The best experimental support of this theory is found in 
the work of Warburg and Uyesuqi (8), and Yabusoe (11), who compared 
the temperature coefficients and sensitivity to several inhibitors for the 
Blackman reaction and for the decomposition of added hydrogen peroxide. 
In these respects they found certain similarities between the two processes. 
Such differences as they found were readily explainable, they believed, on 
the ground that while the same enzsmie, catalase, played a part in both 
cases, the substrate was probably different, being very likely some organic 
peroxide, in the ease of the Blackman reaction, rather than hydrogen 
peroxide. 

Largely as a result of this work, Warburg (6) gave up his “acceptor 
theory” in which the Blackman reaction preceded the photochemical reac- 
tion, and in agreement with Willstatter and Stoll (10) regarded the 
Blackman reaction as involving the decomposition of a peroxide previously 
formed in the photochemical reaction. The writers have made further com- 
parisons between peroxide decomposition and the Blackman reaction, and 
believe Warburg ’s conclusion should be reconsidered, especially in view of 
the prominent part played by peroxide in the recently proposed chemical 
mechanisms for photosypthesis. Gafpron and Wohl (6), in a theoretical 
paper, have objected that the energy available for the assimilatory process is 
insufficient to permit the formation of hydrogen peroxide as an intermediate 
product ; but this objection seems to us of minor importance in the present 
discussion, because no definite claim has been made that the peroxide formed 
must be hydrogen peroxide. Willstatter and Stoll (9) are more inclined 
to the opinion that the action of catalase in photosynthesis is on some per- 
oxidic compound other than hydrogen peroxide. Gapfron and Wohl also 
believe the formation of some sort of peroxide is hardly to be avoided, and 
suggest, on purely theoretical grounds, a peroxide of organic nitrogen, still 
regarding catalase as responsible for the freeing of the oxygen produced in 
photosynthesis. 


.W 
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In support of Yabusoe^s observation that the Blackman reaction and 
peroxide decomposition are both linear functions of temperature, Gafpron 
and WoHL cite (incorrectly) French ( 4 ) as confirming this for the Black- 
man reaction. But French reported no experiments on assimilation. His 
measurements show that peroxide decomposition varies in accordance with 
the Arrhenius equation, and not linearly with temperature. 

Experimentation 

The writers have compared the rates of the Blackman reaction and 
decomposition of hydrogen peroxide by the same organism used by War- 
burg {ChloreUa pyrenoidosa) and by a second species of lower assimilatory 
activity, C, vulgaris. Some confusion may arise as to the names of these 
organisms, because Warburg has sometimes referred to his as C. vulgaris. 
The taxonomic differences between the two species are unsatisfactory and 
difficult to establish, but there can be no doubt as to their physiological dif- 
ferences, and the one used by Warburg certainly corresponds with the one 
we call C. pyrenoidosa. In cultures of average density (1 mm.** cells per 
ml. of fluid) and at 25° C. it shows a maximum assimilation of about 25 
times its own volume of carbon dioxide per hour. C. vulgaris grows much 
more slowly, and shows under similar conditions a rate of assimilation only 
ten to fifteen times its own volume per hour. We have cultivated both spe- 
cies in pure culture for over ten years, and have never failed to find these 
physiological differences, as well as many others of which no mention has 
been made in published papers because they have as yet no clear bearing on 
problems of photosynthesis. The two species were last determined by 
Fraulein Cannabaeus, in the laboratory of Professor Kolkwitz, Berliner 
Institut fiir Wasser-Hygiene, in 1927. 

The Blackman reaction is the name given to the rate-determining process 
when photosynthesis is saturated with both light and carbon dioxide. We 
define its rate as the number of cubic millimeters of oxygen produced per 
hour by one cubic millimeter of ceHa under saturating conditions. This was 
measured manometrically in the usual way, using rectangular vessels of the 
type shown in figure 1. Such vessels were filled with a suspension of cells 



FiQ. 1. Beetangular vessel used for determining rate of Blackman reaction. 

sufficiently dense to give satisfactory readings on the manometer. The 
volume of tfells used ran from about 2 mm.* for the more active suspensions 
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to 10 or 15 min.® for the less active ones. As suspending fluid, either 
Knopfs solution saturated with 5 per cent, carbon dioxide in air, or a car- 
bonate mixture, was used. This mixture was prepared fresh for each ex- 
periment by mixing 85 parts M/10 potassium bicarbonate with 15 parts 
M/10 potassium carbonate. In either of these suspending fluids, large 
changes in carbon dioxide concentration resulted in only minor changes in 
the rate of assimilation. Saturating illumination, in which large changes 
in intensity produced no significant changes in rate of assimilation, was pro- 
vided by a row of closely spaced 60-watt incandescent lamps whose tops 
were about 10 cm. from the bottoms of the vessels. A series of readings in 
the light was customarily followed by a dark reading, and the rate of respi- 
ration thus obtained was applied as a correction to the rate of photosyn- 
thesis, As a rule, the respiration correction is of no importance in estab- 
lishing the rate of the Blackman reaction, because photosynthesis at light 
saturation is about twenty times as great as respiration. Nothing would be 
changed in our conclusions if the respiration correction were omitted 
altogether. 

The rate of decomposition of hydrogen peroxide was measured in dark- 
ness, in vessels of the type shown in figure 2. Three ml. of cell suspension 



Fig. 2. Conical vessel used for determining rate of decomposition of hydrogen 
peroxide. 

were filled into the main space, 0.3 ml. of 5 per cent, potassium hydroxide 
into the central well and 0.3 ml. of M/30 hydrogen peroxide into the side 
bulb. Knopfs solution was used as suspending fluid for the cells, and the 
peroxide solution was prepared by diluting Merck’s ‘‘superoxol.” 

After attainment of temperature equilibrium, the peroxide was mixed 
with the cell suspension, and the oxygen production followed manometri- 
cally at 5-miimte intervals, usually for about half an hour. The amount 
evolved in the first 15 minutes w^as used as a basis for computing the rate, 
wiiich we have expressed in the same units as the Blackman reaction, to 
make the twD rates readily comparable : mm.® of oxygen produced per hour 
per mm.® of cells. The experimental set-up and method of handling the data 
are essentially the same as w^re used by Warburg and his collaborators, 
and, as we shall see, give much the same results. It is important to use a 
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minimum amount of cells in proportion to the amount of peroxide, to avoid 
large changes in peroxide concentration during the first 15 minutes. War- 
buboes practice was to use 50 mm.® cells in 10 ml. fluid for each determina- 
tion. The writers have found it practicable to use somewhat fewer cells, from 
2 to 10 mm.® in 3 ml. of fluid, depending on their activity. In our experiments 
there is no indication of a decline in rate of peroxide decomposition during 
the first 15 minutes, except in the case of C. vulgaris at 20*^ C. and over. 
This was due to gradual injury of the cells by the peroxide rather than 
to any fall in peroxide concentration, as we were able to show by fol- 
lowing the process for longer periods of time (3 hours) and at lower con- 
centrations of peroxide. For C. vulgaris it would be more favorable to use 
M/600 instead of M/300 peroxide, especially at 20° C. and above. This con- 
centration is less suitable for C. pyrcnoidosa, and the writers thought it 
better to use a standard technique throughout, especially since the injury 
to C. vulgaris by peroxide at the lower temperatures is so slow that 
it is negligible in our experiments. In our tables, the rates for C. vulgaris 
above 20° C. are probably 10 to 20 per cent, lower than they should be, but 
this alters nothing in our conclusions, and tends only to minimize, rather 
than magnify, the differences on which they are based, because C. vulgaris 
always has a much higher rate of peroxide decomposition and a smaller 
Blackman reaction than C. pyrcnoidosa. 

We have followed Warburg's practice of making no correction for respi- 
ration in the peroxide experiments, on the supposition that peroxide, rather 
than molecular oxygen, would be used by the cells as a source of oxygen for 
respiration under these conditions (Warburg and Uyesugi, 8). 

Results 

For cultures of equivalent density, C. vulgaris regularly shows a rate of 
the Blackman reaction about half as great as C. pyrcnoidosa, but a rate of 
peroxide decomposition up to ten times as great. Yeast cells, though they 
cannot be said to have any Blackman reaction, show a rate of peroxide de- 

TABLE I 

Bates of Blackhak bxactiok and feboxide decomfobition at 22^ C. fob Chlorella 
vulgaris, C. pyrcnoidosa, and yeast (Saccharomyces cereviseae). Bates 

EXFBSSSED IN HM.’ OXYGEN EYOLVED FEB HOXJB FEB HM.* OF CELLS 



C. VVLQAHia 

C. PYRSmiDOSA. 

Yeast 

Bate of Blackman 
reaction 

16.4 

26.7 


Bate of peroxide 
decompoiition 

38.3 

4.1 

68.8 
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composition about twice as great as C. vulgaris. Some figures are shown in 
table I. Exact comparison of the C. pyrenoidosa rates with ‘Wabburg’s is 
not possible, because Utbsugi and Tabusoe do not specify the exact amount 
of cells used for individual experiments, but an approximate comparison 
can be made from their general statements. For peroxide decomposition, 
they report from 20 to 40 mm.* oxygen evolved by 50 mm.* of cells in the 
first 15 minutes. In the units of table I, this means a rate of 6.4 to 12.8. 
For the Blackman reaction they report rates of 8 to 25, in the units of 
table I. The value of 8, taken from one of Utesugi’s tables, appears rather 
low to the writers, due perhaps to his use of very dense suspensions — too 
dense, in our opinion, for adequate light saturation. However, Mr. Sar- 
gent’s experiments, conducted in this laboratory, riiow that rates as low as 
8 may be obtained with cells from old and very dense cultures of C. pyre- 
noidosa. It is to be noted that Warburg’s experiments were at 20° C. while 
the rates in table I are for 22° C., a difference of minor importance. 

In table II are rates for the Blackman reaction and peroxide decomposi- 
tion for C. vulgaris cells grown in glucose cultures with different amounts 

TABLE II 

OolCPABISON OF RATES OF BLACEHAN REACTION AND PEROXIDE DECOMPOSITION FOR C. Wllgaiis 
CELLS CULTTOED IN GLUCOSE WITH DIFFERENT AMOUNTS OP IRON. FIGURES ARE P(» 

20° C., AND SHOW MM.* OXYGEN PRODUCED PEE HOUR PER MM.* OF CELLS 




Iron added 

TO CULTURE 

No IRON 

1 ADDED 

Iron behoved 

BY AUTOCLAVING 
WITH CaCX), 

Bate of Blackman 
reaction 


5.7 

3.5 

<1 

Bate of peroxide 
decomposition 



16.0 

18.0 

16.4 


of iron, by the method of Emerson (1). The diminished rate of the Black- 
man reaction in the iron-poor cells is not accompanied by a lower rate of 
peroxide decomposition. 

It will be noted that these rates of peroxide decomposition are lower 
than for C. vulgaris in table I. This is due in part to the use of glucose in 
culturing the cells for the experiments in table II. Glucose in concentra- 
tions of about 1 per cent, inhibits the peroxide decomposition 15 to 35 per 
cent., though it has no direct effect on the Blackman reactiom The appar- 
ent effect of glucose on the rate of peroxide decomposition may perhaps be 
due to the greater consumption of oxygen by the glucose cells. 

There is room for some disagreement as to the significance of the figures 
in table H, because culturing the cells with various amounts of iron results 
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in changing the chlorophyll content (1). Nevertheless, even cells of very 
low chlorophyll content show the usual characteristics of the Blackman 
reaction when saturated with light and carbon dioxide. The rate should 
then be limited by the Blackman reaction just as truly as in cells having a 
normal amount of chlorophyll. Yet we find an undiminished capacity to 
split peroxide, accompanied by a greatly reduced Blackman reaction. 
Neither here nor in table I is there any correlation between the rate of the 
Blackman reaction and the capacity to split hydrogen peroxide. 

Figure 3 shows the effect of temperature on the Blackman reaction 
(solid curves) and peroxide decomposition (broken curves) for both species 



Fig. 3. Bates of the Blackman reaction and peroxide decomposition at different 
temperatures. Logarithms of rates are plotted against reciprocals of absolute tempera- 
tures. Solid curves are for the Blackman reaction; broken curves for peroxide decom- 
position. Solid circles refer to Chlorella vvigaris; open ones to C. pyrenoidosa, 

of ChloreUa. The solid circles are for C. vulgaris, the open circles for C. 
pyrenoidosa. The logarithms of rates are plotted against reciprocals of 
absolute temperatures, according to the Abkhenius equation. The positions 
of the curves on the ordinate axis are of no significance. Their slopes, 
which are independent of their positions, represent the temperature charac- 
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teristics (p in the Arrhenius equation). The rates and temperatures are 
given in table III, so that a direct plot can be made if desired. Such a plot 


TABLE III 


Bates or Blackman reaction and peroxide decomposition at various temperatures. 

Data for fioure 3 


Tempera- 

ture 

i/Ta... 

Chlorella vvlqarib 

Chlorella pyrenowoba 

Bate 

Log* RATE 

Bate 

Loo«rate 



Blackman reaction 



°C. 






1 

.003650 

0.5 

-0.69 

3.6 

1.28 

6 

584 

2.5 

0.92 

5.9 

1.77 

12 

500 

6.3 

1.84 1 

11.5 

2.44 

17 

448 

9.1 

2.21 

15.9 

2.77 

22 

390 

13.7 

2.62 

24.7 

3.21 

28 

322 

22.7 

3.12 

36.1 

3.59 



Peroxide decomposition 



3.5 

1 .003617 

12.4 

2.52 

1.2 

1 0.18 

10 

534 

16.8 

2.82 

1.7 

0.53 

16 

460 

26.8 

3.29 

2.7 

0.99 

22 

390 

38.3 

3.65 

4.1 

1.41 

28 

322 

45.2 

3.81 

5.2 

1.65 


shows the inadvisability of comparing temperature effects from experiments 
at only three widely separated temperatures, as did Yabusob, for the Black- 
man reaction is not, as he supposed, a linear function of temperature, but 
has a shape fairly characteristic for other biological processes. 

The curves for the Blackman reaction are reproduced here to facilitate 
comparison with those for peroxide decomposition, although they are almost 
the same as two published earlier in another connection (2, fig. 6). At that 
time the striking difference between the two species of Chlorella was pointed 
out. While their temperature characteristics are nearly alike for the upper 
range of temperatures (about 10,000), they differ widely at lower tempera- 
tures, for C, vulgaris running to about 50,000, and for C. pyrenoidosa only 
to about 20,000. 

The curves for the peroxide decomposition leave little doubt that this 
process is controlled by the same mechanism in both species. The upper 
points for C. vulgaris tend to fall a little low, a manifestation of the injury 
from M/300 peroxide mentioned in the description of methods. It might 
be argued that the lesser downward curvature in the case of C. pyrenoidosa 
is due to the same effect, but there is nothing in the experimental readings 
to confirm this. 
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These curves for the effect of temperature on peroxide decomposition are 
very like Fbenoh’s ( 4 ) figure for C. pyrenoidosa. He dram a straight line 
through his points, instead of a curve. The ■writers’ points seem to be some- 
what better fitted by a curve. The differences, insignificant in any case, 
may be due in part to the fact that the writers’ experiments cover a range 
of about 25°, while French’s cover a range of 19°, and in part to his use 
of a method rather different from the writers’. 

There is a remote resemblance between the curves for Blackman reaction 
and peroxide decomposition for C. pyrenoidosa, but surely insufficient to 
serve as evidence for a relationship between the two processes. Between the 
two curves for C. vulgaris, there seems to be no resemblance whatever. 

Conclusions 

It is the opinion of the writers that an examination of the results pre- 
sented in this paper suggests no significant similarity between the Blackman 
reaction and the peroxide decomposition. This leaves no experimental sup- 
port for the hypothesis that the Blackman reaction involves the decomposi- 
tion of some peroxide by catalase, but the •writers wish to emphasize that 
neither these nor any other experiments of which they know constitute con- 
clusive evidence that the Blackman reaction is not a peroxide decomposition. 
However, we suggest that "Warburg’s “acceptor theory,’’ abandoned in 
favor of the peroxide theory, is still worthy of consideration as a basis for 
constructing a mechanism of photosynthesis. 

KxBGEHorr Labokatobixs of Biology 
CAlifobnia Institute of Technology 
Pasadena, Califobnia 
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TUBEBIZATION OF THE COLORADO WILD POTATO AS 
AFFECTED BY X-RADIATION 

Edna Louise Johnson 
(with one figure) 

Introduction 

The Colorado wild potato (Solatium jamesii) is the only species among 
more than 100 different kinds of plants that the writer ( 6 ) has irradiated 
in which a plant organ has made greater growth leading to increased weight 
as a result of the treatment. The growth and development of the under- 
ground parts of 22 species (7) exposed to medium doses showed detrimental 
effects to adventitious, fibrous, and tap roots. Corms and bulbs of certain 
species of Iridaceae and Liliaceae, although less sensitive than tubers of the 
Jerusalem artichoke, agree in showing retarded growth. The wild potato 
was the only species, among those in which the underground organs espe- 
cially were studied, for which a dose favoring tuber production was found. 

Jacobson ( 2 ) reported that by x-radiation the crop of one variety of 
cultivated potatoes was increased 84 per cent, in weight over the control 
plants, while with another variety the increase w^as as much as 200 per cent. 
He stated that not only was each tuber larger than normal but that there 
was an increase in the total number as well. Sprague and Lenz (9) from 
preliminary experiments concluded that strong doses may reduce the num- 
ber of tubers formed, but that such tubers attain a greater size so that the 
total production is not lowered. 

In the writer’s preliminary experiments (3) with cultivated potatoes 
grown in the greenhouse, tubers which were given light doses of x-rays 
formed more young tubers per hill than did the controls, but the average 
weight was less than that for the controls. Consequently the average total 
w^eight per hill w'as practically the same for controls and experimental 
plants. Since only a very limited number of cultivated potatoes could be 
grow^n in the greenhouse at one time, further experiments were carried on 
with the Colorado wild potato which has proved to be useful in ecological 
experiments (8) since it requires little room and matures quickly. 

A summary ( 1 ) of the studies reporting stimulative action of x-radia- 
tion has pointed out that in the great majority of cases where it has oc- 
curred, light doses have been used. Experiments of two seasons, in which the 
use of light doses on the wild potato failed to give increased production, 
have been previously reported (5), Results based on 14,000 tubers obtained 
from the second year’s experiment, indicated that the controls and experi- 
mental plants did not vary more in yield than would two groups of 
untreated plants. 
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In the study herein reported, the application of one dose of 1500 r-units 
to mother tubers ■was found to favor tuberization. Five different trials 
involvini' a large number of potatoes indicated that radiation of the un- 
sprouted tubers resulted in only a slight increase in number of progeny and 
in average weight per hill, but treatment of sprouted tubers gave marked 
increase not only in average number and weight per hill but in average 
weight per tuber. 


Experimentation 

UNSPEOUTED tubers treated VriTH MEDIUM X-RAY DOSAGE 
Tubers were sorted so that those which were to serve as controls were of 
practically the same size and weight as the lot to be treated. Immediately 
after irradiation with a medium dose, the experimental tubers were planted 
either in plots in the University greenhouse, or outside in garden soil. In 
all cases, the controls alternated in both directions with treated tubers. 
When the crop was harvested about four months after planting, care was 
taken to sift the soil in order that even the very small tubers should not 
be lost. 


TABLE I 

PaODtrCTION FEOM TJNSPBOOTED TDBEES IREADIATED WITH MEDIUM DOSES 



No. OF 
HILLS 

Av. NO. 
TUBERS 
PER HILL 

Differ- 
ence IN 

TREATED 

PLANTS 

Av. WT. 
PER HILL 

Differ- I 

ENCEIN 

TREATED 

PLANTS 

1 

Av. WT. 
PER TUBER 

i 

Differ- 
ence IN 
TREATED 
PLANTS 



Tubers grown in greenhouse 




(Set-up for dose: 51 K.V. 

7i ma. 30 cm. 25 min.) j 





% 

gm. 

% 

gm, j 

% 

Control 

47 

16.5 


9.5 


0.58 1 


Irradiated... 

67 

17.0 

-t3.0* 

11.1 

+ 16.8 

0.65 

+ 12.1 


Tubers grown in garden plot at altitude of 8000 ft. 



(Set-up for dose; 66 BLV. 

5 ma. 30 cm. 33 min.) 


Control 

50 

19.5 


13.8 


0.71 


Irradiated... 

51 

20.3 

+ 4.1 

16.7 

+ 21.0 

0.82 

+ 15.5 


Tubers grown in garden plot at altitude of 5600 ft.) 





(Dose ; 1510 r-units) 




Control 

48 1 

20.3 1 


22.6 


1 1*1 


Irradiated ... 

43 1 

20.8 1 

+ 2.5 

20.3 

-10.2 

1 1.0 

- 9.1 



Totals from controls and 3 groups of unsprouted 





irradiated tubers 


1 


Control 

145 1 

18.8 1 


16.3 


1 0.81 1 


Irradiated... 

151 1 

19.2 

+ 2.1 

16.6 

1 +2.0 

0.81 



* In tables 1 and'II of this paper, the plus sign indicates that the treated plants ex- 
hibited greater growth than the controls; the titinus sign that the treated plants showed 
less growth/ 
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In all cases the average number of tubers per hill, average weight per 
hill, and average weight per tuber were determined. These are recorded 
in table I. In one group which was grown in the greenhouse, it was found 
that the average length of time for sprouts of the irradiated tubers to 
appear aboveground was 36 days, whereas the average for the controls was 
43 days. Dates of sprouting in the other groups were not recorded. In 
some cases experimental plants blossomed earlier than the check plants. 
Results from the three groups reported in table I indicate that when un- 
sprouted tubers are treated with medium doses of x-rays there is a slight 
increase in number of progeny and in average weight per hill. 

Spbocted tubers treated with 1500 r-units 

Tubers in the late spring were planted in soil in 3-ineh paper pots. 
When the shoots had reached a height of from 1 to 2 cm., they were treated 
with a dose of 1500 r-units and placed in the ground outdoors without dis- 
turbance of the roots. Results obtained the first year indicated that this 
treatment was particularly favorable, for the number of tubers per hill was 
increased 59 per cent., the weight per hill 110 per cent., and the weight 
per tuber 30 per cent. The experiments, when repeated the following sum- 
mer, confirmed the results of the previous year ; 50 hills each of control and 
treated sprouted tubers yielded 79 and 113 tubers per hill respectively. 
The average weight of the progeny from the treated mother tubers was 
increased 50 per cent, and the experimental tubers averaged heavier than 
those from check plants (table II). 


TABLE II 

Production tbom sprouted tubers irradiated with 1600 b-uneps 


! 

No. OP 

HILLS 

Av. NO. 
TUBERS 
PER HILL 

Dipper- 

ENCEIN 

treated 
PLANTS j 

Av, WT. 
per HILL 

DlPPER- 

ENCEIN 

TREATED 

PLANTS 

Av. WT. 
PER TUBER 

Bipper- 

ENCEIN 

TREATED 

PLANTS 


Tubers grown in garden plot at altitude of 5600 ft. 





% 

gm. 

% 

gm. 

% 

Control 

30 

19.9 


17.5 


0.88 


Irradiated 

34 

31.8 

+ 59.6 

36.8 

+ 110.3 

1.15 

+ 30.7 


Tubers grown in garden plot at altitude of 5600 ft. 


Control 

50 

1 79.2 


53.6 


0.67 


Irradiated 

50 

1 113.4 

+ 43.1 

80.6 

+ 50.2 i 

0.71 

+ 6.0 


Totals showing production from controls and 2 groups 

, 



of sprouted irradiated tubers 



Control 

80 I 

57.0 


40.1 


0.70 


Irradiated 

84 I 

80.4 

+ 41.0 

62.8 

+ 56.6 

0.78 

+ 11.4 


Figure 1 represents the entire crop produced the second year. The 
small size of the tubers can be appreciated when it is known that 3961 prog- 
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Fia. 1. Colorado vUd potato tubers. Left, 3961 tubers from 50 control mothers; 
right, 6668 tubers frmn 50 sprouted mother tubers treated with 1500 r units. Average 
weight of tubers u approximatd; 0.7 grams. 


eny from 50 control mother tubers are in the jar on the left and the 5668 
of^ring produced by the 50 irradiated sprouted mother tubers are on the 
right. The average weight of the tubers is about 0.7 grams. 

The application of the correct dose of x-rays favors the production of 
wild potato tubers. Badiated unsprouted tubers produced a crop with a 
slight in number of tubers and also in average weight per hill. 

Treated sprodted tubers gave striking increases in number and weight per 
hill and in weight per tuber. The conclusion drawn is that the probable 
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increased rhizome development resulting in greater tuber production is 
similar to the ine]^6ased aerial branching which occurs in some other mem- 
bers of this family ( 4 ) when very young plants are treated with medium 
doses. 

Summary 

1. Badiation of wild potato tubers with light doses of z-rays failed to 
give increased number of progeny. Treatment of unsprouted tubers with 
moderate doses resulted in only a slight increase in number of progeny and 
in average weight per hill. 

2. Progeny from sprouted mothers which had been treated with 1500 
r-units gave the following percentage of increase over the controls : average 
number of tubers per hill, 41 per cent.; average weight per hill, 56 per 
cent. ; average weight per tuber, 11 per cent. The explanation advanced for 
the greatly increased production from treated tubers is that there is a prob- 
able increased rhizome development which results in greater tuber produc- 
tion. This is similar to the increased aerial branching which occurs in some 
other members of Solanaceae when young plants are treated with medium 
doses. 

University op Colorado 
Boulder, Colorado 

LITERATURE CITED 

1. Duogar, B. M. Biological effects of radiation. McGraw-Hill Book Co., 

New York. 1936. 

2. Jacobson, M. Die Wirkung der Rontgenstrahlen auf das AVachstum 

der Pflanzen. Beilage zum Rigaschen Rundschau. 64: 5. 1923. 

3. Johnson, Edna L. Tuberization of potatoes increased by x-rays. Sci- 

ence n. s. 68: 231. 1928. 

4. . Effect of x-irradiation upon growth and reproduction 

of tomato. Plant Physiol. 6: 685-694. 1931. 

5. . On the alleged stimulating action of x-rays upon plants. 

Amer. Jour. Bot. 18: 603-614. 1931. 

6. . Susceptibility of seventy species of flowering plants to 

x-radiation. Plant Physiol 11 : 319-342. 1936. 

7. . Development of roots and underground stems as influ- 

enced by x-radiation. Univ. Colorado Studies 23 : 169—187. 1936. 

g ^ Bcbke, Marian. Tuber production of the Colorado 

wild potato as influenced by certain environmental factors. 
(Unpublished.) 

9. Sprague, H. B., and Lenz, M. The effect of x-rays on potato tubers for 
seed. Science n. s. 89 : 606. 1929. 




CALCIUM AND BORON CONTENTS OP THE APPLE FRUIT AS 
RELATED TO THE INCIDENCE OP BLOTCHY CORK 

W. A, BELOKa 
Introduction 

In the autumn of 1935 fruit and leaf samples of variety Stark apples were 
collected for the purpose of studying the contents of calcium and boron as 
related to the occurrence of the disorder known as blotchy cork, locally called 
* ‘ bitter-pit. ’ ' These samples were obtained mainly from orchards which are 
under observation in connection with the investigation of the physiological 
disorders of the apple now in progress in the Annapolis Valley, Nova Scotia, 
fruit district. The metliod of collection followed was to obtain from each 
orchard two samples of fruit. One sample consisted of apples visibly affected 
with blotchy cork, the other of apples showing no visible symptoms of the dis- 
order externally, and gathered from trees which apparently did not carry 
any affected fruit at the time the samples were collected. The samples were 
obtained on September 17 and 18, some weeks before the picking of this 
variety became general commercially. At the time that the fruit was 
picked two leaves also were taken from each spur from which apples were 
gathered. These leaves were all combined into two composite samples. One 
sample was from spurs bearing affected fruit, the other from spurs bearing 
apparently unaffected fruit on apparently unaffected trees. In connection 
with the sampling process it should be noted that the tree distribution of 
affected fruit was very irregular, as is frequently the case with this disorder, 
and that sampling distribution was correspondingly restricted. Thus, sam- 
ples 7, 13, and 15 were collected mainly from the top sections of the trees 
from which they were picked, and more or less uniform distribution on the 
tree of affected fruit was found only in the case of samples 1 and 17. The 
general information concerning these samples is given in table I, in which 
the odd-numbered samples represent affected fruit (or leaves), and the even- 
numbered samples apparently unaffected fruit (or leaves). 

Experimentation 

The fruit samples were prepared for analysis in the usual manner by 
paring and drying, analysis being made on the pulp only. The leaf samples 
were simply dried. Determinations of calcium were made according to the 
procedure recommended for the analysis of the ash of fruit products by the 
Association of Ofi&cial Agricultural Chemists. For the boron determinations 
40-gm. samples of the dried apple pulp were taken. To each sample was 
added an excess of 10 per cent, potassium carbonate solution, together with 
siifficient water thoroughly to moisten the apple tissue. The mixture was 
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TABLE I 

Fkebh wmaHT ok AKKEcna) and onakfkcted apples 


Samplb ko. 

Type op orchard sou# 

No. or PRUiT 

IN SAMPLE 

Av. FRESH 
WEIGHT PER 
APPLE 




gm. 

1 

Sand, with sand flubsoil 

30 

130 

2 

Sand, with sand subsoil 

30 

114 

3 

Iioam, with clay subsoil 

30 

126 

4 

Loam, with clay subsoil 

30 

140 

5 

Loam, with clay subsoil 

30 

135 

6 

Loam, with clay subsoil 

30 

107 

7 

Sandy loam 

30 

,163 

8 

Sandy loam 

30 

124 

9 

Sandy loam 

30 

116 

10 

Sandy loam 

30 

118 

11 

Sandy loam 

28 

115 

12 

Sandy loam 

28 

119 

13 

Sandy loam 

30 

108 

14 

Sandy loam 

30 

104 

15 

Sandy loam, with sand subsoil 

30 

117 

16 

Sandy loam, with sand subsoil 

30 

106 

17 

Clay loam underlain by sandy loam.. 

30 

161 

18 

Clay loam underlain by sandy loam .. 

30 

158 

19 

Composite leaf sample 



20 

Compofdte leaf sample 



X 

Sandy loam (fruit of 1935 crop) 

38 

100 


Sandy loam (fruit of 1934 crop) . ... 

40 

120 


then evaporated to dryness, and ignited. The carbonaceous residue so ob- 
tained was made acid, lixiviated, again made alkaline with potassium car- 
bonate solution, and the process repeated until ashing was complete. Igni- 
tion was at a temperature of about 450° C. The combined filtrates were 
made alkaline with potassium carbonate solution, evaporated to a small 
volume, transferred to 50rml. volumetric flasks, and made up to the mark. 
Suitable aliquots were tak^ from the solutions so prepared for the colori- 
metric estimation of the boron content by the method of Smith ( 4 ) . This 
procedure has been found to be readily applicable to the determination of 
the amounts of boron found in apple tissue ; the other ash elements present 
and the amounts of potassium chloride added during the ashing process 
exerted no measurable effect on the color change of the quinalizarin indi- 
cator. The method is convenient and r^pid, and no difBculty has been ex- 
perienced in obtaining^ duplicate determinations agreeing within the limits 
of accuJracy of the procedure. Further, the results obtained were found, 
in the ease of six solutions tested, namely, those from samples 1, 2, 3, 4, 5, 




DELONG: CALCIUM AND BORON BELATED TO BLOTCHY CORK 


555 


and 7, to be in agreement in respect to xelative order of boron content with 
quantitative spectroscopic analyses for this element (3). 

TABLE II 

Analysis or samples or atpected and unattected apples 


Sample no. 

Percentage ash 

Calcium in p.p.m. 

OP FRESH WEIGHT 

Boron in p.p.m. 

OF DRY WEIGHT 


% 

p.p.m. 

p,pm. 

1 

0.234 

36 

11 

2 1 

! 0.320 

36 

7 

3 

0.239 

32 

16 

4 

, 0.256 

54 

19 

5 

1 0.289 

36 

22 

6 . .. 

! 0.245 

54 

16 

7 

j 0.329 i 

33 

11 

8 

1 0.231 

46 

7 

9 

i 0.261 

32 

11 

10 

0.236 

51 

11 

11 

0.252 

28 

19 

12 

* 0.249 

38 

22 

13 

’ 0.293 

30 

7 

14 

, 0.240 

55 

7 

15 

’ 0,261 

36 

16 

16 

0.233 

51 

14 

17 

0.296 

28 

11 

18 

0.271 

44 

22 

19 



27 

20 



38 

X 

: 0.287 

44 

22 (1935 crop) 

X 

1 0.235 

50 

19 (1934 crop) 


Discussion 

Examination of the results of the analysis (table II) fails to reveal any 
direct relation between the boron and calcium contents of the fruit, although, 
in view of the prevailing opinion that boron influences the calcium metabo- 
lism of the plant, some such relation might have been expected. Nor does it 
appear that there is any consistent relation of boron content to the incidence 
of blotchy cork. Yet, this too might have been expected to occur in view of 
the amelioration in the symptoms of other cork disorders, such as internal 
cork (corky core), obtained by boron treatment (1). In the case of the 
calcium content, however, the relation already reported (2) , that a low pro- 
portion of calcium per unit of fresh weight of tissue is associated with the 
occurrence of blotchy cork, is again confirmed. This relation is quite marked 
in all cases examined in the present study except that of samples 1 and 2, in 
which the apparently unaffected fruits of sample 2 have essentially the same 
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calcium content as the affected fruits of sample 1. However, the recorded 
history of this orchard shows that practically all trees in it may be regarded 
as susceptible to blotchy cork. Storage results on fruit collected in 1935 
confirm this opinion. Further, both samples 1 and 2 show a relatively low 
calcium content. It is therefore considered that this apparent exception to 
the rule, that fruits affected with blotchy cork are low in calcium, is actually 
more apparent than real. 


Summary 

1. Parallel samples of variety Stark apples, some of which were visibly 
affected with blotchy cork and others which were apparently unaffected, 
were collected from a number of orchards and analyzed for calcium and 
boron content. 

2. The results obtained do not support the hypothesis that blotchy cork 
is a result of boron deficiency, nor do they indicate that the boron and calcium 
contents of the fruit of the apple are closely related. 

3. The results confirm the previous finding that blotchy cork is associated 
with a relatively low calcium content of the fruit. 

The writer wishes to express his sincere appreciation for the cooperation 
of all those who have assisted in making this work possible. He extends 
thanks especially to Mr. C. A. IIoatf^N of the Macdonald Physics Laboratory, 
McGill University, who made the spectroscopic boron determinations, and to 
Professors L. C. Harlow and A. D. Pickett, and their colleagues of the 
Nova Scotia Department of Agriculture who assisted in many ways, 

Macdonald College 
McGill University 
Montreal, Canada 
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BRIEF PAPERS 

METHOD OP STIRRING GASES WITHIN A CLOSED CHAMBER 

‘ (with one hgueb) 

In various t 3 ^es of investigations it is often desirable to circulate gases 
within a tight chamber by a simple method which allows for ready adjust- 
ment of the rate of circulation. This is especially true in measuring respira- 
tion and carbon fixation by plants or respiration by animals. A suitable 
apparatus has been devised for this purpose. In principle the method con- 
sists of rotating a fan inside of a chamber by means of a magnetic coupling 
which operates through the glass wall of the chamber in such a way as to 
cause the inclosed fan to turn synchronously with a revolving electromagnet 
on the outside of the chamber. 

A convenient arrangement of such a device is shown in figure 1. A 



Pig. 1, Apparatus for stirring air within a closed chamber. 


shaft, bearing an electromagnet and two insulated metal collars on one end, 
is supported by means of a suitable bearing. Copper brushes rest against 
the surface of the collars and carry electricity to the circuit of the electro- 
magnet. A pulley is attached to the opposite end of the shaft and connected 
with a belt to a small motor by means of which the electromagnet is rotated. 
This part of the apparatus is mounted outside the chamber so that the ends 
of the core of the electromagnet are about one-sixteenth of an inch from the 
glass wall of the chamber and rotate in a plane parallel to it. 

The removable fan unit that operates inside of the chamber consists of 
an L-shaped brass strip to which a precision bearing is attached by means 
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of a housing. The bearing supports a brass shaft, on one end of which is 
attached a permanent magnet, and on the other end, a fan. The unit is 
clamped in place by means of a bolt in the floor of the chamber so that the 
permanent magnet is about one-sixteenth of an inch distant from the wall 
of the chamber. 

When the energized electromagnet rotates, the permanent magnet re- 
volves synchronoudy with it, and in a plane parallel to the wall of the 
chamber. A suitable method of starting the apparatus is to cause the belt 
to slip and then gradually tighten until the maximum speed is reached as 
the two magnets remain synchronized only when subjected to a gradual 
rate of acceleration. Four units, equipped with four inch fans and electro- 
magnets similar to those used in standard telegraph sounders, can be oper- 
ated by current from an automobile generator. The amount of gas agitated 
by a given fan is varied by changing the speed at which the fan revolves 
and this is readily accomplished through the use of different sized pulleys. — 
John W. Mitchell and W^iijLtam E. Martin, University of Chicago, 



NOTES 


Denver and Indianapolis Meetings. — The American Society of Plant 
Physiologists has decided to meet with the A. A. A. S. at Denver in June, 
1937, and at Indianapolis in December, 1937. Dr. H. F. Clements, Wash- 
ington State College, is chairman of the program committee for the Denver 
meeting, and Prof. R. B. Withrow, Purdue University, is chairman of the 
program committee for the Indianapolis meeting. The program committee 
has been authorized to determine the number of papers which may be accom- 
modated at any given session, and to refuse papers which come in after the 
maximum number have been accepted for a given meeting. In addition, the 
committee may set time limits for all papers, and at future meetings each 
author is limited to one paper on the society’s program. The restrictive 
measures are necessary, and will be administered in the interests of the entire 
membership. Sympathetic cooperation with the committees will solve any 
difficult situations that may arise. 

The date of the Denver meeting has been fixed for the week of June 

21- 26, 1937. The programs of the plant physiologists will be held on June 

22- 25 of this week. A symposium on hormones is being arranged by Dr. 
P. W. Went, and other symposia are contemplated. Inquiries regarding 
details of the meeting may be sent to the secretary, Dr. W. F. Loehwing, or 
to the chairman of the program committee. General headquarters of the 
A. A. A. kS. will be the Cosmopolitan Hotel. Other assignments have not yet 
been made. 

Western Section. — The election held by the Western Section has resulted 
in the choice of Dr. J. P. Bennett, University of California, as chairman ; 
Dr. W. M. Atwood, Oregon State College, as vice-chairman ; and Dr. H. F. 
Clements, State College of Washington, as secretary. The second annual 
meeting of the section coincides in time and place Avith the summer meeting 
of the society in Denver. It is hoped that many members residing outside 
of the regional territory covered by the Western Section may go to Denver, 
for it is an attractive meeting place, and the meeting offers opportunity for 
mid-western and far-w^estern physiologists to become better acquainted. 
Fine fellowship, and the inspiration of scenic grandeur, will be enjoyed by 
all who come. 

New England Section. — The annual meeting of the New England Sec- 
tion of the American Society of Plant Physiologists will be held under the 
auspices of the Rhode Island State College, at Kingston, Rhode Island, on 
May 14-15, 1937. Those who are planning to attend the meeting, or to take 
part in its discussions and deliberations are requested to inform Dr. B. E. 
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Gilbebt, at Ejngstou, so that ample provision may be made for the comfort 
and convenience of all visiting scientists. A unique feature of the program 
will be sessions devoted to the problems of teaching plant physiology in 
different types of institutions. 

Frederick Frost Blackman. — In celebration of the seventieth anniver- 
sary of his birth, this number of Plant Phtsiologt is dedicated by the 
American Society of Plant Physiologists to Fbedebiok Fbost Blackhan, who 
for many years was reader in plant physiology at the University of Cam- 
bridge. Dr. Blackhan was bom in London, July 25, 1866. His parents 
were Fbedebick Blackman, a doctor in South London, and Catherine 
(Fbost) Blackman, daughter of Walter Frost, a doctor in Dorset. In 
1917 he married Elsie Chick, daughter of S. Chick, J. P. They have one 
child, a son. 

Professor Blackman’s early education was obtained at the Mill Hill 
School, London, which he attended from 1878 to 1883. During several years 
immediately succeeding this period at the Mill Hill School, he prepared for 
the medical profession, and was an entrance scholar at St. Bartholomew’s 
Hospital, London, in 1883. In 1886 he was awarded a gold medal by the 
University of London for bis work in organic chemistry. Having become 
now deeply interested in the natural sciences, he gave up his medical studies 
in 1887, and entered St. John’s College, Cambridge. Here he studied botany 
and plant physiology, and in 1891 he was appointed University Demonstrator 
in Botany. He was elected a fellow of St. John’s College in 1895, and in 
the following year received the degree of D.Sc. (plant physiology) from 
London University. He was appointed University Lecturer in Botany 
(Musei and Algae) in 1897, and finally Header in Botany at Cambridge in 
1904, as successor to Sir Francis Daevtin. This position he has filled with 
great distinction for 32 years. Many honors came to him in recognition of 
his leadership in his field. In 1906 he was elected Fellow of the Eoyal So- 
ciety of London, and in 1908, president of the Botanical Section of the British 
Associaticm for the Advancement of Science. From 1914 to 1917 he was a 
member of the council of the Royal Society of London, and in 1921 was 
awarded tihe Royal Medal of the Royal Society. Two years later he was 
Croonian Lecturer of this organisation in recognition of his work on plant 
respiration. Honors also came from foreign countries as his fame spread to 
all nations. In 1926 he was elected a foreign member of the Academy of 
Science, Amsterdam, and in 1935 he was elected a Charles Reid Barnes life 
member of the American Society of Plant Physiologists. In 1930 he served 
as president of the Physiology Section of the 5th International Botanical 
Coi^ri^ which was held at Cambridge. His retirement as Emeritus Reader 
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in Plant Physiology, University of Cambridge, in 1936, permits leisure to 
continue his fruitful investigations on plant respiration. 

It is appropriate to record a few of the many contributions which Pro- 
fessor Blackman has made to science. Following his early work on organic 
chemistry with Dr. S. Ruhemann, he began publishing in 1895 a series of 
experimental researches on vegetable assimilation and respiration. The first 
papers dealt with the paths of gaseous exchange in leaves, was followed by 
work on temperature and photosynthesis, optima and lim iting factors, and a 
long list of papers contributing to our knowledge of photosynthesis and res- 
piration. In 1928 he and his students started a series of papers which are 
essentially analytic studies in plant respiration. As emeritus reader. Pro- 
fessor Blackman continues his work in this field. 

Dr. Blackman is versatile in his interests, and is fond of the fine arts, 
music, archeology, and is an amateur architect. He loves walking as a 
recreation, and is fond of travel. For many years he served as syndic of the 
Pitzwilliam Museum, Cambridge; was vicepresident of the University 
Musical Society; life member of the musical club ; a member of the council of 
St. John’s; a member of the Government Food Investigation Board; and 
director of the Cambridge Instrument Co. He is a life Fellow of St. John’s 
College, member of the Athenaeum Club, and of Ihe Wine and Food Society, 
London. 

In dedicating this number of Plant Physiology to Professor Blackman, 
the American Society of Plant Physiologists recognizes the great value and 
significance of his contributions, and rejoices with him in celebration of the 
seventieth anniversary of his birth, which was reached on July 25, 1936. It 
is intended by this dedication to convey to Dr. Blackman the hearty con- 
gratulations of American plant physiologists, and their cordial good wishes 
for a long and happy continuation of his distinguished service to humanity. 


James Bertram Overton. — ^It is with keen regret that we must record the 
death, on March 18, 1937, of Dr. James B. Overton, Professor of Plant 
Physiology at the University of Wisconsin. Dr. Overton was born at Rich- 
mond, Michigan, on December 23, 1869. He was edufeated in the public 
schools of Michigan, and received his Ph.B. degree from the University of 
Michigan in 1894. He began teaching at Black River Falls, Wisconsin, 
where he was assistant principal of the high school during 1894-95. He 
became senior master in mathematics at St. John’s Military Academy at 
Delafield, Wisconsin, in 1895, a position which he held for several years. In 
the summer of 1900, and in 1901, he was assistant in botany at the Univer- 
sity of Chicago, where he enjoyed association with Dr. J. M. Coxtiotb, Dr. 
C. R. Barnes, and Dr. C. J. Chamberlain. He received the Ph.D. degree 
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from Chieago in 1901, his thesis subject being “Parthenogenesis in Tkalie- 
trum purpuraseens.” For three years, following his work in Chicago, he 
was Professor of Biology at Illinois College, Jacksonville, Illinois, a coimec- 
tion which was honored in 1930 by the conferring upon him by that institu- 
tion of the honorary Se.D. In 1903-04 he became research assistant with the 
Carnegie Institution of Washington, and spent some time at the University 
of Bonn. He began his long service at the University of Wisconsin as in- 
structor in botany in 1904. He was promoted to an assistant professorship 
in 1907, became associate professor of plant physiology in 1912, and pro- 
fessor in 1915. In this last position he gave almost 22 years of continuous 
service. During the years 1925-29 he renewed his connection with the Car- 
negie Institution as research associate. He held membership in many state 
and national scientific organizations, including the American Society of 
Plant Physiologists. At the Boston meeting of the plant physiologists, in 
1933, Dr. OvEBTON was honored by election as a Chables Beid Babnes life 
member of the organization in recognition of his long service and his con- 
tributions to plant physiology. The immediate cause of death was heart 
failure. Mrs. Ovebton and several children survive him. His death is 
especially regretted as marking the first break in the living link memorial to 
Dr. Babnes, which was initiated at the Kansas City meeting in 1925, and at 
the Philadelphia meeting in 1926. 


Patrons. — ^The American Society of Plant Physiologists provides in its 
constitution for four classes of membership : members, life members, patrons, 
and corresponding members. At the Atlantic City meeting, two members 
who some years ago had contributed liberally to the permanent support of 
the society were elected as its first patrons. These two members are Dr. 
Waltbb Thomas, Pennsylvania State College, and Dr. C. A. Shull, Uni- 
versity of Chicago. Naturally, these first patrons hope that they may not 
be left too long as the society's only patrons. There is plenty of oppor- 
tunity for others to join the group, and the permanent funds of the society 
cannot be oversubscribed. This is a frank invitation to many others to share 
in the building of financial stability of the organization. 

Drawings. — Occasionally tlie editors receive drawings which are incon- 
veniently large for transportation by mail or express. The page width of 
Plant Physiology is 4.5 inches, and drawings which must be made large 
enough to occupy the full width of the page should be drawn to a scale that 
calls only for one-half or ene-third reduction, that is, nine to thirteen inches 
in width* Extra charges are encountered when excessive or unusual reduc- 
tion in sizd must be made. Lines and figures should always be adapted in 
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thickness and size to the reductions contemplated. There seems to be no 
excuse, except lack of understanding, perhaps, for drawings made up to 
occupy several feet each way. In case the original drawings are large, it is 
suggested that properly reduced photographs be sent for reproduction. The 
author could then judge accurately whether the original lines and figures 
were heavy enough to show properly when reduced to the size which can be 
used in the journal. 

Vacation. — The editor-in-chief of Plant Physiology is spending the 
spring quarter of 1937 in absentia from the University of Chicago. It is 
suggested that those who have papers in preparation for the journal might 
find it convenient to hold them until about June 10, at which time the oflSce 
will again be open. No attempts will be made to reply to first class mail 
during this period. 

Chromatographic Adsorption Method. — ^About thirty years ago Tswbtt 
published the first account of his chromatographic method of isolating caro- 
tenoid pigments from solutions. The usefulness of the method has been 
recognized, and extended, until now it is of major importance in the prob- 
lems of pigment separation. A monograph devoted to the chromatographic 
technique, Die chromatographische Adsorptionsmethode, has been published 
by the Vienna press of Julius Springer. The authors are Dr. L. Zech- 
MBiSTEB and Dr. L. v. Cholnoky. 

The work is presented in two main sections. The general section dis- 
cusses the field in which the method is useful, its history, theoretical back- 
ground, the relations between chromatographic behavior and constitutional 
formulae, and the methods applied to various pigments and colorless sub- 
stances. 

The special section discusses the application of the method to natural 
coloring matters, to artificial pigments, and to colorless and weakly colored 
substances. These special discussions will prove most helpful to those en- 
gaged in pigment study. The rapid extension of our knowledge of the 
carotenoids has been greatly favored by the development of efficient means 
of separation of closely related chemical compounds. The chromatographic 
method makes possible identification of the different pigments, and facili- 
tates their quantitative estimation. 

The book is published in brochure form, contains 191 pages of text, 45 
figures, a bibliography containing several hundred citations, author and sub- 
ject indices ; the total number of pages is 231. The price of this excellent 
monograph is 14.40 RM per copy. Address orders to Julius Springer, 
I Sohottengasse 4, Wien. 
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Contractile Cells of Plants. — ^Volume X of the Protoplasma Mono- 
graphien, Gkbriider Bomtraeger, Berlin, is entitled Die kontra&tile ZeUe 
der Pflmzen. The author is Silvu CoUiA, Privatdozent in Botany, Univer- 
sity of Turin. Following a brief introduction there are seven chapters, deal- 
ing with material and piethods, morphology of contractile cells, mechanism 
of movement of various contractile organs, the various phases of contractile 
phenomena, the laws governing the contraction and movements of isolated 
t cells, physico-chemical changes during contraction, and a comparison of 
plant contractions with other cellular c<Hitractions, such as striped muscle 
tissue, contractile cells and organs among the protozoa, and other move- 
ments in plants. There is a long literature hst (333 titles), and brief 
author and subject indices. There are 77 illu^ations and ;168 pages. 

The monograph brings together much interesting and valuable informa-, 
tion concerning the power of protoplasm to contract, and to move various 
organs. Especially valuable are the summaries of what is known of the 
physico-chemical changes occurring in cells during contraction, such as 
changes in potential, pH, rHj concentration of crystalloids, colloidal clumges, 
and modifications of pemeability. This volume should receive a hearty wel- 
come from physiologists and biologists generally, because df its elucidation 
of the problems of protoplasmic behavior. The price, in the usual red cloth 
binding, is RM 12. Orders for the book should be addressed to the pub- 
lishers, Gebriider Borntraegar, Berlin W 35, Koester Ufer 17, Germany. 
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FIFTY YEARS OF PLANT PHYSIOLOGY IN AUSTRIA^ 

L. Linsbauee 

Plant physiology in Austria took a powerful upturn after the year 1873, 
the year in which Julius Wiesneb brought into existence the first (not only 
in Austria, but anywhere) plant physiological Institut. It was the period 
in which this science under the three great stars, Wiesneb, Sachs, and 
Pfeffer made great and decisive strides forward. It is understandable 
that very soon a host of enthusiastic young men gathered arouiid the great 
teacher ; and so it is no wonder that there went forth froiii this school many 
men who in subsequent years occupied professional chairs in ^ the Austrian 
universities. Among the plant physiologists are mentioned the following: 
A. Buboerstein (Wien), J. Czapek (Prag), W. PiGD(Ut‘(Wien), V. Gbafe 
(Wien), G. Haberlandt (Berlin), K. Linsbaueb (Graz), and H. Molisch 
(Wien). 

The situation was changed by the World War. The Austria of today, 
as those from foreign lands know it, has now only the universities 6f Vienna, 
Graz, and Innsbruck, which will be considered in this paper. 

It is characteristic of Julius Wiesner that he was no specialist; the 
field of research in which he worked was many sided. Notwithstanding, 
there were a few main problems which o<»oupied him through many years : 
Chlorophyll formation; the relation of the plant to light, which led to 
his photometric investigations and to the development of his concept of 
Lichtgenvss, which was of importance in ecological research; the causes of 
orientation of plant organs (anisomorphy, exotrophy, anisophylly), to 
mention only a few. 

Wiesner liked to put his experiences to the service of practical needs. 
Best known is his great work ^^Die Bohstoffe des Pflanzenreiches^^; less well 
known is the essential service which he rendered to the sugar industry when 
he introduced the dialysis procedure which has been used ever since. 

There is a peculiar charm to be seen in the fact that Wiesner also had 
an interest in the more general scientific problems, and gave expression to 
his thoughts concerning them. In one of his most important and funda- 

1 Translated from the original German by Dr. Frank M. Andrews, Indiana University. 
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mental works, Die Elementai'struktur und das Wachsium der leienden 
SubstanZf he put forward the theory that the cells are not the ultimate units 
of living material, but are made up of a sum of plasomes which already 
possess all of the properties of life. At the same time he viewed the cell 
not as a mere aggregation of individual particles, and the life processes of 
the plant not as accidental occurrences ; but he thought that the driving mech- 
anism of the plant’s life is regulated by an internal order which Wiesnep 
called Enharmonie. Such trains of thought, which remind one of the modern 
conceptions of life as a fundamental unity, show a notable breadth of com- 
prehension. 

WiESNER visited the United States in a private capacity, so to speak, oy 
way of a trip to the Yellowstone region where he undertook photometrical 
investigations. He also published a paper, The development of plant physi- 
ology under the influence of the other sciences. (Congress of Arts and Sci- 
ence. Universal Exposition, vol. V, pp. 103-124. St. Louis. 1904.) 

Hans Molisch, the successor of Wiesner, occupied the entire last half 
century with his scientific investigations. It is utterly impossible in a limited 
space to do justice to the labors of this industrious Nestor among Austrian 
botanists. We shall therefore attempt to give only a very general summary 
of his works, the number of which runs to about 200. His plant physio- 
logical investigations (apart from the purely anatomical ones) have enriched 
almost every chapter of this science. Here there are mentioned only a 
few remarkable papers which, as independent publications of preliminary 
studies are united into a complete account ; Die Pflanze in ihren Beziehungcn 
zumEisen (1891) ; Vntersuchungen iiier das Erfrieren der Pflanzen (1897) ; 
Studien iiber den MUchsaft und Schleimsaft der Pflanzen (1901) ; Lench- 
tende Pflanzen (1904); Die Purpurbakterien (1907); Die Eisenbakterien 
(1910). 

The microchemistry of plants has experienced extraordinary advance- 
ment through numerous individual investigations by Moliscu, and his 
Mikrochemie der Pflanzen (1913) is indispensable to every plant physiolo- 
gist and plant anatomist. It should be mentioned in this connection, that 
plant chemistry and microchemistry were cultivated with success in Austria ; 
well known is the fundamental Biochemie der Pflamen by Czapek. In 
addition V. Qrafe worked in Vienna, and G. Klein wrote his Histochemie 
der Pflanzen, while general microchemical methods had as their outstand- 
ing devotees, Pbbgl and Bmich, in Graz. 

Molisch ’ s Orundriss einer Histochemie pflanzlicher Genussmittel (1891) 
had already served decidedly practical ends, and so he, the son of an old 
horticultural family, had especially at heart the needs of horticulture. He 
served these needs in his valuable study. Das Warmbad als Mitiel zum 
Treiben der Pflanzen (1909). His main effort in this direction, however. 
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produced the standard work Pflanzen Physiologie als Theorie der 6drtnere% 
which, having appeared in 1916, has since reached its sixth edition. 

For the purpose of diagnosis in various fields, the paper Aschenhild und 
Pflanzenverwmdtschaft (1920) offers valuable materials. Molisch also 
wrote a Physiologie der Pflanzen (1917), an Anatomie (1920), a fascinating 
book, Botanische Versuche ohnc Apparate, and in addition a series of others 
in which he shows himself to be a master at popular presentation. All of 
the works of Molisch are distinguished by great exactness of observation, 
so that they possess documentary value. His arrangement of experiments 
is often of classical simplicity. And often, from apparently insignificant 
observations, he obtained important new facts. Because of the unusual 
breadth of the research field treated by him, the possibility presents itself 
to extend his work at many points. ‘‘That, indeed, is the best that a 
scientific work can offer, to give living impulse to new investigations.” 
(Wiesner). 

Molisch made extensive foreign trips. His impressions and observations 
in India and Japan, where he was invited to the organization of a biological 
institute, were reported in three books of travel, 1926, 1927, 1930. On his 
return trip he briefly visited the United States where he became acquainted 
with the famous Boyce-Thompson Institute. Molisch, who has recently 
become 80 years old, is vice-president of the Academy of Science in Vienna, 
and was at the time of the celebration of his birthday honored and accorded 
distinction from many places. 

After Moijscii, followed G. Klein, who concerned himself chiefly with 
plant chemistry; but he remained in connection with the institute only a 
short time. 

During the years 1930-1934 F. C. von Faber was the director of the 
WiKSNER Plant Physiological Institute. As a tropical botanist with rich 
experience, and as a pioneer of free land botany from Java, he organized 
in the vicinity of Vienna a small free land station. Work along his line 
will be continued in Vienna. Before his departure for Munich he had mod- 
ernized the institute. 

With K. Hofler another of Molisch ’s students assumed the teacher’s 
chair. Hofler is first of all a representative of cell physiology, which lie 
developed in connection with several young co-workers. Also other repre- 
sentatives of this flourishing Austrian work have gone forth from Molisch ’s 
school, as Weber in Graz, and Gickelhorn in Prag. 

Hofler first studied the osmotic values of the plant cell. By the use 
of his plasmometric method which permits one to express the degree of 
plasmolysis of the protoplasm numerically, he investigated the permeability 
of various substances, and the distribution of permeability in the different 
tissues of a plant. He was able to show, moreover, that it is possible to 
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characterize certain systematic units of the plant kingdom by definite physi- 
cal properties of the plasma, in the same way as it is possible to do from 
morphological and anatomical characters, and has thus shown the way to a 
* * comparative protoplasmatics. * ^ 

Jointly with R. Chambers (New York) he investigated the tonoplast 
of Allium cepa whose membranes are looked upon as extremely thin fluid 
films composed of materials not miscible with water. 

To round out my account I will mention that as older physiologists of 
the Vienna school, A. Burgerstein (transpiration monograph) and W. 
PiGDOR (monograph on anisophylly) were still active. Moreover, investiga- 
tions in the field of plant physiology were carried on in the technical agri- 
cultural school in Vienna, where J. Bonn especially had occupied himself 
with the problem of sap ascent. Furthermore, from the Biological Experi- 
ment Station there were produced physiological papers under the leadership 
of PiGDOR and L. von Portheim and their students. 

To these is added here 0. Richter, likewise one of Moliscu’s students. 
At an early time in the now foreign University of Briinn he has for a long 
time made himself known by his physiological investigations of nutrition. 
He concerned himself with the nutrition of the algae, grew the Diatomaceae 
in pure culture, found that they can assimilate organic substances and that 
magnesium is indispensable for them, studied the relation of magnesium to 
the plant, and investigated the nutritional physiology of cultivated grasses. 
He showed the influence of impure (laboratory) air on physiological proc- 
esses and so came to the study of narcosis. 

The University of Graz maintained its interest in bringing out new 
relations between anatomy and physiology which indeed were always related 
to one another. It was G. Haberlandt who, stimulated by Schwendener\s 
views, turned himself successfully on a large scale to the development of 
physiological plant anatomy. His fundamental work on this subject (1884) 
is universally known, as is also his work on the physiological tissue systems 
of the plant. By carrying over the concepts of animal physiology to the 
elucidation of structure and function of plant tissues, he came to the dis- 
covery of plant sense organs, which serve in part for the perception of light, 
and in part for the reception of mechanical stimuli. The announcement of 
this generally interesting discovery, and likewise his book, Eine iotamsche 
Tropenreise (1893), made him well known far beyond the circle of his own 
colleagues. The work which he accomplished after his call to Berlin does 
not enter into the present discussion. 

He was followed in the year 1911 by Karl Linsbauer. It is noteworthy 
that again througl^ his work there was developed an intimate connection 
between anatomy and physiology, to he sure in another sense than in 
Haberlandt ’a work. The great work originated and edited by him, Hand’ 
buck der Pfianzenanaiomie (since 1926), sought a deeper penetration of 
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histology with the results of eytological, physiological, and mechanico- 
developmental investigations. As a contribution to this work he personally 
contributed the chapter on Epidermis. In the forefront of his interests 
stands the physiology of irritability. In the movement of tendrils he estab- 
lished the fact that in this response a hitherto unrecognized significance is 
to be attributed to torsions. The movement of stomata is to him not so 
much a mechanical as an irritability movement. With the aid of modem 
recording methods he ascertained the rate of stimulus transmission in the 
primary petiole of Mimosa pudica, found that conduction of stimulus in 
this plant can take place in the vessels, and that the sieve tubes are not 
necessary for this function. A great part of Linsbauer’s efforts were de- 
voted to the problem of developmental mechanics and general biology. 

After the death of Linsbauer, Friedl Weber assumed his position. By 
chance it was ordained that again anatomical and physiological investiga- 
tions were joined in his work in a still different way ; physiological changes 
of tlie individual cells were brought into relation to certain changes in 
state of their protoplasm. The pursuit of this idea led to the founding 
of a ‘‘protoplasmatic anatomy.’^ Through research in such a direction, 
“protoplasmatics’’ became in Austria the focus of attention. 

In addition Weber, in the journal Protoplasma which he founded, has 
created an international organ which serves the whole field of physical 
chemistry of the protoplast. In addition he shared in the editorial responsi- 
bility for the Protoplasma Monographien, 

In a few words we will now mention the University of Innsbruck at which 
B. Heinricher was active for decades. His main subjects of research 
were Viscnm, Lathraea, and green hemi-parasites whose germination and 
nutritional relations he cleared up in a series of investigations. Sperlich 
is his successor. 

In the exchange of scientific thought, Austria has always participated, 
but seldom, and only transitorily, have botanists from foreign lands come 
to the Austrian professional chairs; Austria has always contrived to meet 
its need of academic teachers and investigators from its own people. It is 
significant for the new march of progress of the home-land research that 
scientific life has not become set in the mold of tradition, but has developed 
as a living continuum through a half century in which the individuality of 
scholars insures the continuous flow of ideas. On the other hand, our land 
can point to the fact that it has given a group of important investigators to 
neighboring nations. Among these may be mentioned von Guttenberg 
(Rostock), G. Habkrlandt (Berlin), Bruno Huber (Tharandt), 0. 
Richter (Briinn), Strugger (Qriefswald) ; and at the Jugoslavian Uni- 
versity of Agram (now Zagreb), Vale Vouk is engaged. 

KLOBTERNETTBERa 
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FOLIAR DIAGNOSIS: PRINCIPLES AND PRACTICE 

Walter Thomas 
(with seven figures) 

Introduction 

As a result of the broader view now taken withy respect to the problem! 
of soil fertility it is recognized that the conditions required for maximun 
gro^^’th must be sought from the facts of plant physiology as well as from thosK 
of soil science. For satisfactory growth a particular soil must satisfy certair 
conditions with respect to temperature, and to nutrient, water, and air supplj 
to roots, the task of the investigator being to discover the best means oJ 
bringing the factors that govern these conditions under control. For thh 
purpose the traditional chemical methods both of plant and of soil analyses 
have definite limitations ; some have been abandoned, others are still in use 
In recent years interest has been renewed in the possibilities of the chemi- 
cal analysis of the plant as a means of studying the nutrient relationshipj 
between the crop and the soil with respect to (1) the physiological require- 
ment of a particular species and (2) the rate of supply of nutrients (10), Le, 
the supplying power of the soil (27). It is well established th^t the composi- 
tion of a particular plant species is profoundly influenced by the compositioi] 
of the soil ( 40 ). Consequently, in order to determine the influence of the 
soil on the action of fertilizers by means of analysis of the plant it is^necessarj 
to experiment first with plants growing in a relatively homogeitious soil (vide 
infra) using systematically laid out plots differentially fertilized. Wher 
this is done, the next step is to ascertain the nature of the variation in the 
composition of plants of the same species and variety in similarly treated 
(duplicate) plots, the soils of pairs of which may show all types of variations 
There are many reasons, however, why the analysis of the entire plant is 
not the best means of approach toward the problem of control under field 
jconditions. Apart altogether from the disadvantages of having to dig up 
and analyze whole plants, the results obtained by the gross analysis of s 
mass of heterogeneous organs possessing different functions are not a suffi- 
ciently sensitive comparative index in reflecting the responses of the plani 
to differences in its environment (soil and weather) ( 41 ). The classical 
investigations of Pierre ( 34 ) pointed to the sensitivity of the leaves tc 
changes in composition resulting from differences in environment. But a^ 
long as no care was taken to differentiate between leaves of different age* 
little progress was made. The presentation of the gross analysis of leav^ 
of nil ages of a plant species, frequently seen even in present day literature 

-1 Authorised for publication as paper no. i78 in the Journal Series of the Pennsyt 
sylvania Agricultural Bxperiraent Station. 
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is of no service in diagnosis because neither the relative nor absolute amounts 
of the mineral entities are the same in leaves of different ages. Moreover, 
samples taken only at one period can give no information as to the course or 
nature of the changes in nutrition with growth in relation to differences in 
the medium. The further development of the method of leaf analysis 
(‘Miagnostie foliaire’’) as a means of studying the course of the absorption 
of mineral elements under the influence of different growth factors, especially 
those of fertilizer additions, is largely due to the labors of Lagatu and 
Maume. 

Principles of the method of foliar diagnosis 

Of the numerous methods employed to control the nutrition of plants 
under the conditions of practical agriculture only the method of foliar diag- 
nosis has any serious claim to be based on physiological facts establiiSlied by 
consistent experimental results obtained over a long period of years (16, 16, 
17, 18, 19, 20, 21, 22, 26). The laws governing the facts are still obscure, 
although glimpses of their working have been revealed. Some of the facts 
and their implications have already been discussed in a series of papers by 
the writer (38, 39, 40, 41). 

Pacts upon which the method is based 

The experimental facts to which the method of foliar diagnosis is linked 
may be briefly summarized : 

/I. Two morphologically homologous leaves of the same species and 
variety are the seat of identical physiological processes when the medium 
(soil and meteorological factors) of the two is identical and, conversely, are 
the seat of physiological processes that are different when the medium is 
di^rent (13, 18, 19, 21). 

^2. The composition of leaves of the same physiological (metabolic) age 
of plants grown on the same homogenous medium (soil and climatic) and 
receiving different fertilizer treatments reflects these differences in the sense 
that whenever a fertilizer element (whether N, P, or K) is effective, as deter- 
mined by the response of the plant to that element, that response is always 
associated with an increase of that element in the dry foliage (18, 19, 37). 
This is not, as might appear at first, a principle a priori, because neither the 
processes of migration of the elements into the leaf from the stem nor export 
from the leaf into the stem is under consideration in the method of foliar 
diagnosis (vide in/m), but only the amount of the element present in the leaf 
at/the moment^ sampling. 

3. The con^teition — as determined by periodic analysis — of leaves of the 
same ph^nsk^togical* (metabolic age taken from plants of the same species 
growing same homogenous medium (soil and climatic) but receiving 
different i^i^s^ser treatments are related to their development (9, 18, 42). 
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. 4, The magnitude of the variations in the composition, with respect to 
tne dominant nutritive elements, of leaves of the same physiological age from 
plants of the same species grown in a homogenous soil and subjected either 
(1) to differential fertilizer treatment under the same meteorological con- 
ditions, or (2) to the resultant of meteorological factors acting in each par- 
ticular growing season, is relatively quite large and, therefore, easily deter- 
minable. This delicate sensitivity of the leaf is no doubt related to its 
role as the laboratory of synthesis of the plant (41) . 

An ‘ * ideal SOIL non-existent 

Reference has been made to a ‘‘homogenous’^ (uniform) soil. Such an 
ideal soil, of course, does not exist in nature. If an area of land is divided 
into two plots, A and B, which are managed and fertilized alike and are sown 
at the same time with selected uniform seed, the yields may be different even 
when the land appears uniform to the eye. The yields may and, generally, 
will be widely different if the contour of one part differs greatly from the 
contour of the other, because the soil factors associated with differences in 
depth and texture will be different. If the land is fairly level and the soil 

uniform, however, the relative percentage-difference in yield ^00^ 

of two plots treated alike will generally not exceed 5 to 10 per cent., which 
limit for the purpose of the type of investigation we are considering in this 
paper is sufficiently close to discover and elucidate rules or principles. 

Definition op foliar diagnosis 

Foliar diagnosis is characterized (18) as (a) the chemical composition 
of a leaf with respect to the dominant nutritive mineral entities at the instant 
of sampling, taken from a predetermined and suitable position on the stalk, 
(b) The foliar diagnosis for any given season (year) then will consist of a 
sequence of chemical states (composition) as determined under (a) on dif- 
ferent dates, i.e,, at different periods during the growth season. The com- 
position IS based on the dry matter of the leaf without taking into considera- 
tion the weight of the dry material at each sampling or the number of leaves 
^^mpled from each plant. 

It is clear, therefore, that no physiological significance can be attributed 
to the foliar diagnosis of any one fertilizer treatment (plot) considered alone. 
The method is comparative just as the method of analysis of entire plants is 
comparative (41). Foliar diagnosis considered independently of all other 
field data and of all other foltar diagnosis has no physiological significance. 

Proper form to express mineral element content. — ^T he cTitioiam 
by Bartholomew, Watts, and Janssen (2) of the method used by the 
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writer of expressing the mineral content of a leaf on the basis of per- 
centage of the element in the dried material is the result of misunder- 
standing and a confusion of thought. As James (12) has well emphasized, 
the different ways of expressing the mineral content of plants in studies of 
mineral nutrition must be considered in relation to suitability. Each case 
must be considered on its merits. In the present instance, there can be no 
ambiguity nor question that the dry weight unit is the correct one. Fur- 
thermore, it is incorporated in the definition of foliar diagnosis (p. 573). 

Nomenclature 

In investigations concerned with the mechanism of penetration into and 
translocation within the plant the logical procedure is to refer to all results 
in terms of the ions K, Ca, Mg, NO,, H 2 PO 4 , etc. In physiological investiga- 
tions having a direct agronomical application, this method is not the most 
suitable one. The facts are that in practical agriculture and in the arts 
dependent upon it, a different mode and only one mode of expression is inter- 
nationally used for the dominant fertilizer principles or entities. These are 
N for nitrogen, PgOg for phosphoric acid, and K^O for potash. The writer 
has adopted this international nomenclature in this paper. And, as a matter 
of convenience, reference will frequently be made to the three dominant 
principles as ‘‘elements'^ or ‘‘entities.’’ This should cause no confusion if 
the reader keeps in mind that all results are expressed as N, P^O,, and K^,0. 

Two METHODS OF EXPRESSING FOLIAR DIAGNOSIS GRAPHICALLt 

The graphic presentation of the results of the periodic analyse** of the 
leaves is important in the method of interpretation and may be done in one 
of two ways : (1) In terms of the percentage of the respective elements in the 
dried foliage as the ordinate and with the dates of sampling as the abscissa. 
(2) If only nitrogen, phosphoric acid, and potash are to be considered, the 
results may also be expressed graphically in trilinear coordinates. 

The advantage of the first-mentioned method is that it possesses the 
capacity of expressing any number of elements for which analysis has been 
made and of showing the course of each independently. The second method 
is limited to three entities, in this case to nitrogen, phosphoric acid, and 
potash — elements which may properly be correctly considered as a unit of 
NPK, inasmuch as the content of all three in the dry foliage decreases with 
the age of the leaf, differing in this respect from Ca and Mg which accumu- 
late mth age. 

Basic assumption in fertilizee plot experiments. — The development 
and y'ield of a plant is, as already emphasized (p. 571), not exclusively de- 
pendent on nitrogen, phosphorus, and potassium. In drouth years water 
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would be the principal factor influencing yields. This factor and others 
associated with differences in soil texture will also enter in if the soil of the 
plots is not uniform. Consequently, there can be no a priori right to relate 
the development and yield to the composition of the leaf in terms of nitrogen, 
phosphoric acid, and potash. Nevertheless, fertilizer field-plot experiments 
are based on the assumption that the other factors for the plots to be com- 
pared are nearly equal. When they are not, recourse is had to many repli- 
cates. The present trend is to plan field plots in such a way that each experi- 
ment gives a measure of its own error, although, of course, they can never 
be exact. 

Quantitative index expressing effect of a fertilizer entity 

It has been a tradition to define the response to different fertilizer treat- 
ments in terms of the fertilizer or salts used. This point of reference has 
been used not only by the practical agriculturists but also by mathematicians 
(7), physiologists (8), and by agronomists generally. But when the fertil- 
izer (or nutrient salt) treatment is used as the point of reference it is diffi- 
cult to ascertain whether the effect is due to the sum of the individual ele- 
ments (ions) or to an effect proportional to their product or even to a more 
complicated function of their individual effects (7, 8, 14). 

If, however, a more rational base of reference be taken, viz,, the compo- 
sition of the plant or better its “reflect, viz., a leaf suitably chosen, the 
problem is considerably simplified. On this basis we may define without 
ambiguity the quantitative index expressing the effect of any one fertilizer 
element at the moment of sampling the leaves from any one plot, as the ratio 
of the amount of that element contained in the leaves of the plant growing 
on the plot considered, to the amount of that element in the homologous 
leaves from a plant growing on a plot receiving no fertilizer, sampled at the 
same time. Likewise, the quantitative index, expressing the effect of any 
combination of the elements present in the fertilizer used in any plot at the 
moment of sampling the leaves, may be defined as the ratio of the sum of 
the elements considered, contained in the leaves of plants growing on this 
plot at the moment of sampling, to the sum of these elements in morpholog- 
ically homologous leaves of plants growing on the unfertilized plot. 

Concepts of quantity and quality of nutrition 

Inherent in the expression of the analyses in terms of the dried foliage 
are two concepts, viz., that of quantity and quality of the mineral constitu- 
ents. The concept of quantity or intensity of nutrition of the selected leaves 
consists of the sum (N + P^Og i K^O) of each element at the moment of 
sampling expressed as a percentage of the dried material. The quality of 
nutrition is the ratio of these entities to each other at the moment of sampling. 
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Composite NPK-unit 

Expressing the three dominant fertilizer principles as a unit. — 
Th« quantities of nitrogen, phosphoric acid, and potash in the dried foliage 
are expressed as a unit ( 23 , 24 ) as follows : 

Let X be the percentage of N, y the percentage of PgOu, and z the per- 
centage of KgO in the dry material of the leaf at the moment of sampling. 
Let 

s = x-{y + z. (1) 

Then s denotes a quantity of mineral nutrients supplied by N, PgOg, and 
KgO in proportion to the amounts x, y, and z present in the leaf considered 
at the moment of sampling. Dividing by s we get 


1 = 


X 

s 




( 2 ) 


XV z 

where and — represent fractions which indicate the proportion 

s s s 

contributed by N, P2O5, and KgO, respectively, to a unit quantity of the 


X V z 

three elements. Let — be denoted by Xj, - by y^, and — by z^. Substitut- 
s s s 

ing in we get 

x, + y, + Zi = l. (3) 

The quantity Xj + yi f z^ represents the composition of the leaf in terms 
of the proportions in which nitrogen, phosphoric acid, and potash are present 
in unit quantity of the leaf considered at the moment of sampling and, con- 
sequently, it is an expression giving the physiological ratios between N, 
P2O5, and KgO in the synthetic laboratory of the leaf. It should be empha- 
sized that this unit is independent of the total quantity s of N, P^O^, and 
KgO in the dry material of the leaf. The quantity therefore, is a mag- 
nitude expressing the quantity of nutrition at the moment of sampling the 
leaf. 

The magnitude denoted by s indicates the number of units of nitrogen, ^ 
phosphoric acid, and potash contained in 100 parts of dry matter and, con- 
sequently, s expresses the quantity (intensity) of nutrition with respect to 
nitrogen, phosphorus, and potassium. At first blush it might not seem 
justified to combine into 6ne unit quantities as heterogeneous as N, PaOn, 
and KgO. However, since the chemical reactions involved are not con- 
sidered in this expression, but only tlie aiqounts of these fertilizer prin- 
ciples in the leaf irrespective of their chemical role, and inasmuch as the 
entities N, P2O8, and K^O are those used in practical agriculture, it would 
be incongruous to express the characteristic Mensity of nutrition in milli- 
gram equivalents. 

Although these two magnitudes representiJfg the quality and quantity 
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of nutrition are abstractly distinct, they are inseparably connected in the 
physiological processes of the leaf. They must, therefore, be considered 
simultaneously when relating the nutrition with respect to NPK of a leaf 
and its physiological effect on the development of the plant. 


Diagrammatic illustration op NPK-unit concept. — These concepts 
may be illustrated in the following manner (25). 


i i i i 

N /? 



1 


>2 




Fig. 1. Diagrammatic representation of the concept of the method of foliar diagnosis. 


In figure 1 let F represent a leaf into which are migrating substances 
containing N, P, K plus other materials (R). Of the substances entering 
the leaf a portion will be elaborated, and a portion will remain in an un- 
elaborated form. Let the quantities of all nutrients present at the par- 
ticular instMt of sampling a l^af be represented by a communicating 
vessel of capacity 100, of which x + y + z = s represents the quantities of 
N 4 - PgOg + KoO in 100 parts of the dried foliage and r the other substances 
present also in percentage of the dried foliage. F^ represents the type of 
investigation with which foliar diagnosis is concerned. F^ may then be 
» regarded as an indicator of s. 

Let us now imagine another vessel (F.^) of unit capacity to be connected 
with Fj, completely filled at the instant considered, and into which only 
N, PgOf;, and K^O are entering and in the same proportion as they are present 
in F and, consequently, also in F^. Let us also suppose that N, PgOg, and 
KgO are separated in F^ into three layers as shown in the diagram. Then 
the sum of the quantities Xj, yi, Zj of nitrogen, phosphoric acid, and potash, 
respectively, of F^ is always equal to 1. The vessel jPg may then be regarded 

as the indicator of Xj, y^, Zj, where 

s s s 

CAIiCULATION OP NPK-UNIT IN TERMS OF MILLIGRAM EQUIVALENTS.-* 

Th« quality factor of nutrition, i.e., the proportion (ratio) of elements 
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found in the leaf at the respective sampling dates, is most suitably expressed 
as milligram equivalents (M.E.), because this factor — quality — ^must be de- 
pendent upon and related to the chemical reactions involved. These are 
calculated as follows : 

Let Mx be the percentage of N, M, the percentage of PjOj, and M, the 
percentage of KjO in the leaf at the moment of sampling. Then, reducing 
to milligram equivalents : 


M 

Ex = 1000^; Ey = 1000 


Mx 


N ’ 
Let 

Dividing by S, we get 


KPA)’ 

= Ex + Ey H" Ex 


Ex = 1000 


Mx 


i(K,0)- 


(4) 


1 

S S S • 


(5) 


Then 


Ex Ey Ex 

S’ S ’ S 


, respectively, represents a fraction which indicates in 


milligram equivalents the proportional parts of N, P^Os, K^O in a unit 
quantity of the three elements. 

E 

Let be denoted by then Ex = x^S 


(( Ey ,, 

s 

<1 E^ ,, 
S 


“ “ yS “ Ey = y»S 

“ “ z\ “ Ex=z^S 

X* + y* + z' = 1. 


( 6 ) 


The quantity x^ + y^ + z^ represents the composition of the NPK-unit of 
the leaf at the moment of sampling in terms of milligram equivalents. 

To avoid fractional quantities it is convenient to multiply the terms of 
equation (6) by 100. Then 

100 X* + 100 y^ + 100 z» = 100. 

Let X = 100x\ Y = 100yS Z = 100z>. 

Then X+Y + Z = 100. (7) 

X + r -I- Z is denoted the composite NPK-unit or, for simplicity, the NPK- 
unit. For each simultaneous value of X, Y, Z there is one point and only 
one on an equilateral triangle each of whose sides = 100. 


Ebamng thb TBiLiiraA* cooBDiNATE GiiAPHS.— The higher the locus of a 
coordinate point moves in the direction of the summit of the triangle repre- 
senting N = 100 per emit in the NPK-unit, the greater is the proportion 
of nitrogen in this unit. Likewise, the movement of the locus of a coordinate 
point towarU the left base-apex of the triangle representing KjjO = 100 per 
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cent, in the NPK-unii, the greater the proportion of potash in this unit. 
Similarly, changes in the direction of the locus of a point towards the riglit 
base-apex of the triangle shows that in the NPK-unit has increased. 

Application of method 

Plots with treatments used 

The potato plants used in this investigation were grown on tier 1, sec- 
tion B, of the Vegetable Fertility Plots of the Department of Horticulture. 
These plots were laid out in 1916. The description of the experimental 
lay-out given by Mack (29) is in part as follows: 

‘'The area is laid out in four sections, 245.8 feet wide and 308.4 feet 
long. . . . Each of the sections is divided into six tiers. . . . The tiers 
are furtlier divided into seventeen plots, the dimensions of which are 12 
by 36.3 feet, and which are separated from each other by guard strips 6 feet 
wide. The area of the plots, exclusive of guard strips, is exactly 1/100 
of an acre. ^ ’ 

The four-year rotation consists of cabbage, potatoes, tomatoes, and sweet 
corn with timothy and rye as a green-manure crop. 

The plots examined in this paper together with their treatments and 
yields (in 1935) are given in table I. 

TABLE I 

Plots with numbers and treatments 


Tier 

Plot 

NO. 

Commercial 

FERTILIZER 

APPLIED 

Commercial 

FERTILIZER 

APPLIED 

TO PLOT 

N, P,0,, 
AND KoO 
EQUIVALENT 

Symbol 

USED 

Yields 

PER 

PLOT 




lb. 

Ih, 


1 lb. 

1 

1 2 

Sodium nitrate 

4.0 

0.6 

N 

1 109 

1 

1 

3 

Superphosphate 

6.25 

1.0 

P 

114 

1 

1 4 

Potassium chloride 

1 1.666 

1 

0.8 

K 

155 

1 

6 

Sodium nitrate 

i 4.0 

* 0.6 

"NTP 

124 



Superphosphate 

6.25 

1.0 

XN Jr 

1 

7 

Sodium nitrate 

4.0 1 

0.6 

NK 

163 



Potassium chloride 

1.666 

0.8 



1 

8 

Superphosphate 

1 6.25 1 

1.0 

PK 

148 



Potassium chloride 

1.666 

0.8 





Sodium nitrate 

4.0 ! 

0.6 



1 

10 

Superphosphate 

6.25 1 

1.0 

NPK 

162 



Potassium chloride 

1.666 

0.8 




The complete fertilizer then has a ratio of N : P^O^ : KgO of 0.6 ; 1.0 : 0.8 
or 6:10:8. 
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The plots of tier 1, section B, examined in this experiment were relatively 
uniform wit^; tjfe limitations defined on paj?e 573. These plots represent 
only a few of the fertilizer combinations used in these crop fertility experi- 
ments. Other amounts with the same and also with different ratios are 
applied to the remaining plots. The best treatments reported in this paper, 
viz., NK and NPK, are not those which have given the highest yields in this 
long continued experiment. The highest yield obtained with commercial 
fertilizers has been secured by a complete fertilizer containing the same quan- 
tity of nitrogen and potash, but containing 50 per cent, more phosphoric acid. 

Selection and samplii^g of leaves 

'Ideal sample. — The ideal sample at any selected sampling date would con- 
sist of leaves of the same rank — (physiological or metabolic age)- 7 -on the 
stalks taken at the same time from a sufficient number of plants in a rovr 
along the plot to give a sample representative of the plot. Each successive 
row would then be sampled in like manner on each of the successive sampling 
dates. The leaf chosen from a plant would conveniently be the one immedi- 
ately above the caducous leaves at the base of a stalk. 

Sampling in relation to senescence. — Under practical field conditions 
one must determine beforehand the rank of the leaf or leaves to be selected, 
for, as explained earlier in this paper (pp. 573, 574), the method consists 
essentially of a comparison of the mode of nutrition of leaves of the same 
metabolic or physiological age from plants growing on plots subjected to 
different factors. To this end the longer the period of observation the greater 
will be the information obtained with respect to the differences in the course 
(nature) of the nutrition in response to the different treatments. If two plots 
receiving different treatments are planted the same day, the plants growing 
thereon will not reach maturity at the same time. At any intermediate date 
the plants considered will be at different stages of their life cycle, which can 
be determined in a general way by observation. With the qualification to be 
made later, the shorter-lived plants will show the greater amount of color 
change — ^from green to yellow and then brown. In the case of the potato 
leaf a stage is reached at which a golden yellow appears, followed by a further 
and final color change when it shrivels and becomes a dark brown and shortly 
after which it drops from the stem. These color changes are in general an 
indication of their metabolic age and the proportion of yellow and withered 
leaves on the plant is an index of condition. 

Causes op senescence. — The aging of leaves has been associated with 
the disappearance of^tassium (3, 5), of nitrogen (4), of water (0), and of 
all threG elments, iC P, and K, simultaneously (38). The fact that an in- 
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creased supply of K has been found to delay breakdown of the mechanism 
causing aging (11) and that at higher concentrations this balance is under 
certain conditions upset, when yellowing becomes as fast or faster than with 
a deficiency (11), indicates that the mechanism is conditioned by physiologi- 
cal balance. In many instances, cause cannot be distinguished from effect (3) . 

Method op sampling. — Only under the practical field conditions of potato 
growing, where plants are planted in rows relatively close together and are 
well nourished, is the problem of sampling in relation to senescence of much 
moment. In such plants leaves higher up than the second and third may 
commence to wither before the end of the alloted sampling dates. This dif- 
ficulty may be overcome in one of two ways. The one would be to take sam- 
ples of the second or (and) third leaf from a stalk at short intervals of time. 
Then when the plants are sufficiently developed to take simultaneously sam- 
ples of higher rank on the stalk, e.g., the seventh and eighth leaf, and finally, 
as the plant matures, leaves still higher, e,g., the twelfth or thirteenth leaf. 
This method of sampling has the advantage of giving three sets of overlapping 
samples which, if the plants are not subjected to too violent external distur- 
bances, may be regarded as of corresponding successive physiological ages. 
The three sets of samples must then be treated separately in reporting results. 
This method will be illustrated in a later paper. 

The second method of overcoming the difficulty is to sample a leaf from 
a particular position higher on the stalk, e.g., the fourth or fifth leaf, which 
would give reasonable assurance of enabling observations to be made, say 
at three or four dates at intervals of about 12 to 20 days. The exact interval 
between samplings is not important. In the case of the potato plant the 
writer has found that there is at any given intermediate stage of maturity 
a progressive increase in nitrogen and phosphoric acid and a progressive 
decrease in potash of the dry matter of the leaf as one proceeds from the 
base upward, ?.e., the younger the leaf is. {Cf. MacGillivray, 28i James and 
Penston, 13, and Penston, 32.) 

Accordingly, in the latter method of sampling there will be a slight pro- 
gressive shift in rank on the stalk of the leaf of that rank with time. How- 
ever, the differences expressed as percentages of the dried foliage with re- 
spect to N, PgOfi, and K^O of two consecutive leaves on the stalk of all cul- 
tivated plants thus far investigated have been found to be relatively insig- 
nificant compared with the differences between the composition of leaves of 
the same or approximately the same physiological age from plots receiving 
different treatments. This has been found to be true for any two successive 
leaves of the potato plants in these experiments. Such differences, there- 
fore, for the purpose of this type of inquiry may be neglected. 

Diurnal variations exist in the content of nitrogen, phosphoric acid, and 
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potash in the leaves of the potato (33)* The magnitude of these diurnal 
variations is also insignificant compared with the magnitude of the changes 
considered in the method of foliar diagnosis. Samples, however, should be 
taken during the same day. 

In the present experiments leaves were sampled on four different dates 
during July and August, and from consecutive rows on each successive date 
from two stems issuing from the mother tuber from each of the fourteen 
plants in a row. The number of samplings is arbitrary but at least three 
samplings should be made. The number of leaves sampled is also immate- 
rial but, obviously, should not vary too greatly from one plot to another. 
The development of the plants sampled from each plot should be regular and 
homogeneous, for unless this is the ease there would be no justification for 
considering the samples as representing an average sample. 

It should now he clear that foliar diagnosis must be expressed in terms of 
the rank of the leaf on the stem, the variety of plant, and the year in which 
samples were taken. 

Removal of spray residues, soil, and dust prom leaves 

The spray materials used contained calcium (and magnesium). It is 
desirable to remove as much spray material from the leaves as possible, in- 
cluding any soil and dust adhering thereto, so as not to affect the weight of 
the dry material taken for analysis. The soil and dust are easily removed 
and most of the spray materials also by brushing with a stiff brush in the 
field immediately after the samples are taken. 

Method op drying leaves 

The leaves were dried in a drying oven at 100° C. after being brought in 
from the field and then finely ground in a Wiley mill. 

Determination op nitrogen, phosphoric acid, and potash 

Nitrogen was determined by the Kjeldahl-Gunning method to include 
the nitrogen of nitrates (1), phosphoric acid by the Richards and Oodden’s 
(36) modification of the Pemberton-Neumann (30, 31) method, and 
potash by the Lindo-Gladden method (1). 

Presentation of results 

i 

Table II |jives the results of the analysis of the fourth and fifth leaves 
expressed Ju (a) percentage of N, P^O,, and K^O in the dried foliage, (b) 
milligram equivalents, and (c) the NPK-unit. 


Calculation of loci of NPK-unit 
The following illustrates the method of calculating a coordinate point : 



Composition or leaves of rank 4 and 5 at periodic intervals in terms of percentage of N, P..O 5 , and K 2 O in dried foliage, milli* 

GRAM equivalents, AND THE NPK-UNIT 
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The analytical results (table II) for the N plot (no. 2) sampled July 7 
are N = 5.12 per cent., PgOg = 0.404 per cent., and Kfi = 3.97 per cent. 

The intensity of nutrition (s) of the selected leaves for the N plot on July 
7 is, therefore, 

N + P 2 O 5 + K,0 = 5.12 + 0.404 + 3.97 = 9.494 


To evaluate the NPK-unit the percentage values are converted (pp. 
577, 578) into milligram equivalents (M.E.) of N, P 2 O 5 , and K.^0 as follows: 

B* = 1000 /o.On4> 5.12 =365.568 M.B. of N 
By = 1000 x 0.0423 x 0.404= 17.089 M.B. of PA 
B, = 1000 X 0.213 X 3.97 = 84.561 M.B. of K^O 

Hence 


and 


S = Ex + Ey + E, = 365.568 + 17.089 + 84.561 = 467.218 


B,_100x3^_ 

2L-lUUy - 4g7_2i8 


Y = 100|i 


100 X 17.089 
467.218 


= 3.658 


B. 100 X 84.561 
467.218 ■ = 


These values give the three coordinate points required. It should be 
noted that 78.244 + 3.658^-18.098 = 100. We then have for each simulta- 
neous value of X, Y, Z a representative point and only one upon the surface 
of an equilateral triangle the sides of which are expressed in 100 units. 


Meteorological conditions during 1935 growing season 

The foliar diagnosis specified in this paper is that for the fourth and fifth 
leaves for the potato variety Rural Russet for the year 1935. As a matter 
of record the meteorological conditions (rainfall and mean daily tempera- 
ture) for the month preceding the sampling and for the intervals between 
samplings are given in table III. 


TABLE III 

Record of meteorological conditions 


Pate 

Rainfall 

Mean daily 

TEMPERATURE 


in. 

op*. 

June 1-30 

3.88 

66.5 

July 6-29 

5.67 

73.5 

July 30-Aug. 9 

1.19 

70.8 

Aug. 10-24 

0.35 

71.4 
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Interpretation and discussion of results 

Indications given by first method op graphic presentation based on 

PERCENTAGES OF ELEMENTS IN DRIED FOLIAGE AS ORDINATE AND 
DATES OF SAMPLING AS ABSCISSA 

When the percentage of an element in the dried foliage at a particular 
sampling date is plotted as the ordinate and the dates of sampling as the 
abscissa, as described in the first method (p. 574), the relationships between 
the composition of the leaves, with increasing age, from plants growing 
on the respective plots are clearly brought out and are shown in figure 2. 


r 



HP NM PH HPK ^ 

l£S£NO 

/V 




PiOj 

Fig. 2. Periodic analysis of the fourth and fifth leaves of potato plants growing on 
the differently treated plots showing percentage of elements in the dried foliage as ordi- 
nates and the dates ^ sampling as abscissa. 

The indications given by the graphs are summarized below : 

Nitrogen GRAPHS.~Thc content of nitrogen expressed as percentage in 
the dried foliage of plants which received mineral nitrogen applications is 
higher throughout the whole period than in those which received none. 
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Furthermore, the nitrogen content decreases with the increasing age of the 
leaf throughout the whole period in all plots. 

Phosphoric acid graphs. — The content of phosphoric acid expressed as 
a percentage in the dried foliage from plants which received phosphate appli- 
cations is higher throughout the whole period than in those which received 
none. The phosphoric acid content decreases with the increasing age of the 
leaves of plants growing on plots to which mineral phosphate was added; 
but in the leaves of all plants which did not receive mineral phosphate addi- 
tionlNl mastiiSum occurs at the second sampling (July 29), after which the 
content of PaOjj again decreases regularly with the increasing age of the leaf. 

I This accumulation is undoubtedly a temperature effect. The curve of mean 
daily temperature is an ascending one up to July 24, after which it begins 
to descend. This temperature effect would, however, be masked in the plots 
where phosphorus is rapidly utilized. 

Potash graphs. — The content of potash expressed as a percentage in the 
dried foliage of all plants which received mineral potash applications is very 
much higher than*in those which did not. The potash content decreases 
regularly throughout the whole period with increasing age of the leaves of 
plants growing on plots which did not receive mineral potash. But accumu- 
lation has occurred in the leaves from all plants growing on plots which 
received mineral potash applications. This accumulation commenced in 
some cases (NPK, no. 10; PK, no. 8) between July 29 and August 9 and in 
others (NK, no. 7 ; K, no. 4) between August 9 and August 23. 

James (12) concludes that in the potato plant potassium is eventually 
heaped up considerably in excess of the amounts which are necessary to main- 
tain the declining rate of growth. The data presented above show that gen- 
eralizations with respect to accumulation of potassium are not possible. 
This accumulation is the result of a lack of physiological balance. It will be 
shown in a later paper that this accumulation of potassium has not occurred 
in the leaves of plants growing on plots which received sufficient nitrogen 
and phosphoric acid for the utilization of the potash. 

It is thus seen that periodic analysis of leaves of the same physiological 
age from plants growing on plots treated with different fertilizers reflects 
these additions. This also holds true for plots on tier 2 and their duplicates 
on tiers 4 and 5. The graphs show by their position and their form the 
nature or course of the nutrition with respect to nitrogen, phosphorus, and 
potassium in the plants growing on the different plots. The steepness 
(slope) of a graph of a particular element indicates the relative demand in 
relation to the supply of that element. 

Certain other indications furnished by the data given in table II are best 
brought out by the second method described on pages 576 and 577. In this 
method nitrogen, phosphoric acid, and potash are evaluated as a unit-NPK 
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and the results are plotted in trilinear coordinates. This method is illus- 
trated in figures 4, 5, 6 , and 7. 

Indications given by second method of graphic presentation in 
WHICH results are EXPRESSED AS NPK-UNITS AND PLOTTED 
IN TRILINEAR COORDINATES 

In interpreting these graphs (figs. 4, 5, 6 , 7) it should be kept in mind 
that a fertilizer may intervene to produce either ( 1 ) an increase in the sum 
(N + P 2 O 5 + K 2 O), i.e., in the intensity of nutrition, or ( 2 ) a change in the 
composition of the NPK’Unit, or (3) a change in both (1) and (2) simul- 
taneously. 

The intensities of nutrition are shown in figure 3 with the percentage of 



A/A 


PA 

A 

A/PH 


A/ 


NP 

P 


^ /O 20 SO AO SO 

NUMBSR OF DAYS 

Pio* 3. Bejationships of the iatensitiea of nutrition of plants growing on differently 
treats plolo.' 


TABLE IV 

BEIjATION op mean XPK tNlT AND MEAN INTENSITY OP NUTRITION AT POUR SAMPLINO DATES TO YIELDS OP POTATOES ON VARIOUS PLOTS 
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N -f PgOo + K^O in the dried foliage from plants growing on the respective 
plots as the ordinate and as abscissa the dates of sampling. The coordinate 
points for the respective sampling dates, July 7 and 29, and August 9 and 
24, are shown by dots. The displacement in a particular graph from one 
sampling date to another indicates the changes in the intensity of imtrition 
with the age of the leaves of the plants growing on the plot considered ; and 
the relationship in form and position of the graphs to one another indicates 
the relative intensities of nutrition (s) resulting from the different treat- 
ments. 

In figures 4, 5, 6, and 7 are shown in trilinear coordinates the changes in 
the composition of the NPK-unif (i,e., in the quality of nutrition) of the 
selected leaves from plants growing on the differently treated plots. The 
numbers 1, 2, 3, 4 at the respective coordinate points indicate the successive 
sampling dates, July 7 and 29, and August 9 and 24, respectively. The dis- 
placement of a point from one sampling date to another, therefore, indicates 
the course of the nutrition with respect to the NPK-unit, as previously 
defined (p. 578), and which represents the equilibrium between N, PgO^, and 
KgO at the moment of sampling. 

Relationship between foliar diagnosis and yields of tubers. — 
The mean NPK-unit , — Table IV gives (1) the mean NPK-units tor each 
plot, ie., the mean NPK-unit for the four sampling dates of the selected 
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leaves from plants growing on each plot; (2) the mean intensities of nutri- 
tion, and (3) the actual and relative yields of tubers on the basis of the high- 
est yielding of the plots examined being placed at 100. 

The mean for each plot is shown graphically in figure 4 by 

means of a single point for each plot. Each point, therefore, corresponds 
to the center of gravity (C.G.) of the detailed diagram shown in figures 5, 
6, and 7 for the corresponding plot. 

The plots are seen to fall into two groups according to their foliar diag- 
nosis, to their position on the triangle. The one group consisting of the 
N, P, and NP plots which are found high up toward the N = 100 per cent, 
apex of the triangle (t.e., the corner representing N = 100 per cent.), and the 
other group the plots NK, NPK, K, and PK which are found much lower 
down in the triangle toward the left comer, i.e., the corner representing 
KyO = 100 per cent. 

The latter group can be further subdivided into two groups according 
to the extent of their displacement toward the base of the triangle. The 
points representing, respectively, the mean NPK-unit of the plots K (no. 4) 
and PK (no. 8) are lower than the points representing the plots NK (no. 7) 
and NPK (no. 10). The groups are designated as follows: 



Fig. 5. Course of nutrition of plants growing on the N (no. 2), K (no. 4), and NPK 
(no. 10) plots as indicated by the changes in their NPK-units from one sampling date to 
another. 
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Group 3, NP (no. 6), P (no. 3), N (no. 2), having low yields. 

Group 2, K (no. 4), PK (no. 8), having intermediate yields. 

Group 1, NK (no. 7), NPK (no. 10), having high yields (the 
highest reported in this paper). 

Graphs in detail. — The displacement of the NPK-unit from one sam- 
pling date to another for all treatments cannot be shown in one diagram, 
because of the confusion resulting from the intersection of the graphs from 
certain of the plots. The detailed graphs showing the course of nutrition are 
best presented by making use of three diagrams (figs. 5, 6, 7) so arranged 
that the graphs for the respective treatments are compared with the com- 
plete fertilizer plot. 



Fig. 6. Course of nutrition of plants growing on the N (no. 2), NK (no. 7), and 
NPK (no. 30) plots as indicated by the changes in their NPK*units from one sampling 
date to another. 

Foliar diagnosis of low-yielding group 3 — N {no, 2), F {no, 3), and NP 
{no, 6 ), — The intensity of nutrition is very low (range of the mean is 7.34 
to 5.65) . This low intensity is the result of the very low content of KgO (see 
table II, column 3, for plots 2, 3, 6). 

Nitrogen in the NPK-unit is very high (the range of the mean NPK-unit 
is 81.1 to 81.7). Potash is very low (the range of the mean NPK-unit is 
13.9 to 9.56), Phosphoric acid is high in those which received phosphate 
additions, Dk,, NP (no. 6) and P (no. 3). 
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(no. 8), and NPK (no. 10) plots as indicated by the changes in thoir NPK-units from one 
sampling date to another. 

Foliar diagnosis of intermediate-yielding group 2 — K {no, 4) and PK 
(no, 8 ), — The mean intensity is 9.48 and 9.56, respectively, for the plants 
growing in the K plot (no. 4) and the PK plot (no. 8). In this group the 
intensity is slightly higher than that of the complete fertilizer plot (no. 10), 

Nitrogen in the NPK-unit is much lower than in the low-yielding group 
3 and also somewhat lower than in the higher-yielding group 1. The mean 
NPK-unit is 63.3 and 65.9 in PK (no. 8) and K (no. 4), respectively. Pot- 
ash in the NPK-unit is higher than in both groups 1 and 3. 

Foliar diagnosis of high-yielding group 1 — FK (no, 7) and NPK (no, 
10 ). — The mean intensity is 10.24 in NK (no. 7) and 9.39 in NPK (no. 10). 
The plants growing on plot NK (no. 7) have the highest intensity reported 
in this paper, but plants growing on three other plots in this tier (not re- 
ported in this paper) have still higher intensities. This high intensity of 
nutrition in NK (no. 7) relative to plants growing on the other plots is due 
to the phenomenon of the reciprocal effects of the elements ( 40 ). In this 
particular case the omission of phosphorus from the complete fertilizer has 
resulted in a much greater uptake of the elements remaining (compare col- 
umns 1, 2, 3 of table II for NK (no. 7) and NPK (no. 10). 

Nitrogen in the NPK-unit is much lower and potash much higher than 
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in the low-yielding group 3. Phosphoric acid in the NPK-unit has the low- 
est value in NK (no. 7) of any plot. 

Course {miure) of nutrition with respect to NPK-unit in group 3 — N 
(no. 2), P (no, 3), and NP (no. 6). — The course of the nutrition (mode 
d^ alimentation) in this low-yielding group is strongly contrasted. This 
group, however, has one characteristic in common, viz., nitrogen in the NPK- 
unit continuously increases at the expense of the potash with the increasing 
age of the leaves, as shown by the upward displacement of the graphs at each 
successive sampling period. In N (no. 2) and NP (no. 6) this tendency is 
quite marked. Consequently, the application of nitrogen without potash has 
had a strong tendency to reverse the direction of the nitrogen nutrition which 
the medium (soil) has tended to impose. This tendency is also observed but 
to a smaller extent with phosphate applied alone (P plot, no. 3), i.e., without 
mineral nitrogen applications. 

It is also to be noted that in the leaves of plants growing on the N plot 
(no. 2) and which, therefore, has received no phosphate additions for nearly 
20 years other than that added in the system of green manuring, the phos- 
phorus in the NPK-unit increases with the age of the leaf up to the third 
sampling, after which a decrease occurs. The proportion of phosphorus in 
the NPK-unit of the N (no. 2) plot is not, however, as high as that in the 
leaves from plants growing on the NP (no. 6) or P (no. 3) plots which re- 
ceived mineral phosphates. The continual accumulation of phosphorus 
throughout the whole period in the NPK-?^nif of plants growing on Plot P 
(no. 3) is very marked, signifying poor assimilation of this entity (element) 
by the plants growing on this plot. 

Course of nutrition with respect to NPK-unit in group 2 — K (no. i) and 
PK (no, 8). — The graphs indicate that the course of the nutrition with re- 
spect to the NPK-ujiit of the plants growing on these plots is very different 
throughout the whole period. The relative yields of tubers from plot K 
(no. 4) to that of plot PK (no. 8) on this tier 1 is 95.1 : 90.8, associated with 
which is the fact that nitrogen in the NPK-unit of plants growing on plot 
K (no. 4) is higher than are those of plot PK (no. 8) throughout the whole 
period. The omission of phosphorus, therefore, has on this particular tier 
resulted in increasing the nitrogen in the NPK-unit of plants growing on 
plot K (no. 4) from one (PK, no. 8) classed as too low in nitrogen. This is 
another example of the phenomenon of reciprocal effects (40). 

Course of nutrition with respect to NPK-unit in group 1 — NK (no. 7) 
and NPK (no, 10), — The omission of mineral phosphates has in this case also 
changed the character of the nutrition with respect to the NPK-unit. On 
July 7 the proportion of nitrogen in the NPK-unit in the leaves of plants 
growing on plot NK (no. 7) is greater than in those from the complete ferti- 
lizer plot (no. 10). But, whereas in the former (plot no. 7) the nitrogen in 
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UREASE DISTRIBUTION IN CANAVALIA ENSIFOBMIS^ 

Sam GBANICK2 
{with ten figures) 

Introduction 

In this account the distribution of urease, as studied with the histological 
and quantitative methods which were described in the first paper of this 
series ( 2 ), will be discussed under the subheadings of the various plant 
structures. The definition of some of the terms used are as follows : 

Urease activity is expressed in urease units. A urease unit (U.U.) is a 
quantity of urease which will produce 1 mg. of ammonia per minute when 
acting upon urea under the experimental conditions employed (2). The 
indicator method is not as sensitive as the quantitative method, and tissues 
containing less than 0.02 TT.U. per gram of fresh weight are reported as 
negative with this method. Tissues containing less than 0.0001 U.U. are 
reported as negative with the quantitative method. 

The hypocotyl is that part of the axis between the cotyledonary node and 
the external collet. 

The external collet is the region below the hypocotyl, bearing a consider- 
able tuft of lateral roots. 

The first internode is the hypocotyl.*^ 

The first node is the cotyledonary node. 

The second node is that part of the stem axis from which the first foliage 
leaves arise. 

Canavalia ensiformis or jack bean is an annual legume usually bushy and 
erect, 1 to 2 meters high; the tips of the branches inclined to twine; 
peduncles stout, 10 to 20 flowered; pods linear, 25 to 30 cm. long; seeds 
ellipsoid, shiny white, 22 x 14 x 8 mm. The plants grown in the greenhouse 
at Ann Arbor were 3 to 4 meters high and spindling. The distinctive taxo- 
nomical description of Canavalia ensiformis is given by Piper (5). The 
gross morphology of the plant closely resembles that of Phaseolus vulgaris 
whose anatomy has recently been studied by Doutt (1). 

1 Second of a series of three papers on urease distribution m Canavalia ensiformis 
and Soja max. The reader is referred to the thesis available at the University of Michi- 
gan library for more extensive data on urease in the jack bean, for descriptions of the 
relevant anatomical and embryological features of the plant, and for the literature on the 
presence of urease in various species of the plant kingdom. 

Paper no. 611 from the Department of Botany and Herbarium, University of 
Michigan. 

2 Newcombe Fellow in Plant Physiology. 

3 Thie convenient designation, used solely for the purpose of this paper, is not tech- 
nically correct according to morphological terminology which would consider the first inter- 
node as the region between the cotyledonary node and the first foliage loaves. 
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The bulk of the seed of jack bean consists of cotyledons which are made 
up largely of parenchyma cells with thickened hemicellulose walls possessing 
numerous tiny pits. Sumneh ( 6 ) estimates that the bean contains 0.12 to 
0.06 per cent, urease and considers the crystalline urease to be globulin, be- 
cause it is insoluble in the absence of neutral salts in the vicinity of its iso- 
electric point. About 25 per cent, of the air-dried seed is protein ( 4 ). 

Experimentation 

Cotyledons 

Employing the histological urease methods, examination has shown that 
the cotyledons contain more urease than any other tissues of the plant. 
Studies of the seeds after two days of germination in sphagnum revealed 
that the enzyme concentration was greatest in the subepidermal ceils, and 
especially in the bundle sheaths, and phloem tissue, that is, in those cells of 
the cotyledons containing the densest cytoplasm (fig. 1). The bundles of the 
cotyledons immediately adjacent to and merging with the conducting 
bundles of the hypocotyl appeared to contain less urease than the other 
bundles of the cotyledons. This may be due to a more rapid elongation of 
the bundles adjacent to the cotyledons, the enzyme thus becoming more 
diffuse, or it may be due to decomposition of the enzyme in the bundles. As 
germination proceeds, urease decreases rapidly in the epidermis and in the 
two to three layers of subepidermal parenchyma cells. The enzyme disap- 
pears from some parenchyma cells more rapidy than from others. No rela- 
tion could be noted between the enzyme content of the cells close to the 
bundles, and those more or less isolated from the bundles. This suggests 
that there is no transport of active urease to the bundles. The cotyledons 
which fell off after 20 days still contained relatively large quantities of 
urease. Sectioning at this stage revealed that the cells were thin-walled 
with large vacuoles, and contained numerous chloroplasts but little starch. 


TABLE I 

UBISASE content of cotyledons or JACK bean seedlings 


Days abter 
planting 

Fresh wt. 

PEE cotyledon 

Dby wt. 

PER COTYLEDON 

TJ.tJ. PER GM. 
FRESH WT. 

U.IJ. PER 
COTYLEDON 

days 

gm. 

gm. 



0 

0.601 

0.660 



1 

1.06 

0.561 

31.2 

32.8 

3 

1.26 

0.532 

25.9 

32.5 

5 

1.16 

0.466 

24.4 

28.0 

7 

1.26 

0.377 

12.6 

15.9 

10 

1.17 


11.5 

13.5 

20* 

0.4S3 



1.08. 

0.523 


* The eotyledoas had just fallen off j they were quite thick, yet flaccid. 
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Fig. 1. Composite picture of urease distribution in the various structures of jack 
bean seedlings 10 and 20 days old. The figures opposite the various regions of the seed- 
ling represent the number of urease units per gram of fresh weight of the region, as deter- 
mined by the quantitative method. Stippling indicates the relative urease concentration 
as revealed by the histological methods. 


Quantitative studies were made of the urease content of cotyledons dur- 
ing the development of the seedlings. It will be noted from table I that the 
urease content of the cotyledon decreases rapidly as the seedling becomes 
older. The data are interpreted as indicating, not that the enzyme is 
gradually inactivated by poisons or other inactivators, nor that it is trans- 
ported intact to other tissues, but that it is broken down just as are other 
storage proteins of these cells, into some soluble compounds which are then 
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transported to other plant parts. This viewpoint will be discussed later in 
more detail. 

Baoicle 

In the radicle 1 cm. long (fig 2.) the histological reagent shows urease 
to be present in all of its parts except the primary xylem elements. The 



■ Fio. 2. Urease concentration in a radicle 1 cm. long. 

inner cortical cells contain the most enzyme, the outer cortical cells and 
pith less enzyme, and the cells of the radicle tip still less. The dermatogen 
appears to contain little or no enzyme; it is, however, slightly more acid 
(pH 4.4) than the other tissues. The weak indicator-change in the derma- 
togen may possibly be due to the fact that more acid has to be neutralized 
before the indicator shows an alkaline reaction than in the other tissues. 
Therefore, a positive statement cannot be made concerning its relative urease 
content. 

Cross-sections of a 3-cm. radicle reveal a decrease of urease in the region 
in which cell elongation has occurred, that is, at approximately 2 cm. distal 
to the tip. At this level there is less enzyme in the pith than in the cortex. 
After four days’ germination the radicle has attained a length of 5 cm. and 
the collet region with its tuft of secondary roots has appeared. 

Collet 

The collet region was made the subject of particular study, since it is in 
this region that the various stages of lateral root differentiation can most 
readily be obtained. In 5-day-old seedlings urease tests showed that the 
enzyme was most concentrated in the elongated narrow cells of the outer 
cortex (pH 4.0) ; tl^e inner cortex and pith (pH 5.5) contained slightly less 
enzyme. It was difficult to judge the urease content in lateral root primordia 
because of the relatively high enzyme activity of the parenchyma cells of 
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the collet. The lateral root primordia arising endogenously from the peri* 
cycle cells opposite the protoxylem always contained less urease than did the 
parenchyma cells. By removing the larger lateral roots (1 to 3 cm.) and 
examining them separately, it was found that they contained very little 
enzyme except in the apical meristems. In 4-week-old seedlings, sections of 
the collet indicated a low urease activity, the pith containing somewhat more 
urease than the cortex. In 7-week-old plants the pith gave a barely per- 
ceptible test for urease ; the cortex gave no test. 

Root 

In the 5-cm. radicle, a distinction between root and hypoeotyl is already 
evident, owing to the appearance of a lateral tuft of roots at the collet region. 
An examination was made of the urease content at different levels of the 
primary root. The enzyme was present in the apical meristem. It was 
absent in the cambium and its derivatives of secondary phloem and xylem 
which were already differentiated in the region 2 cm. above the tip. The 
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parenchyma cells of the cortex and pith, however, contained ureaae through- 
out the entire length of the root. 

Seven days after planting, the root had increased to 20 cm. At this stage, 
the root tip contained very small quantities of urease. Hoots, sectioned lon- 
gitudinally in paraffin or on a freezing microtome, showed a positive reaction 
for urease in only about 5 per cent, of the root tips examined. The enzyme 
in these root tips was strictly delimited to the meristematic region (fig. 3, V). 
Whole root tips also were examined. The following modified procedure gave 
good results. A number of root tips were placed on a slide and treated with 
haematoxylin, in 20 per cent, alcohol, for 15 minutes. The dye penetrated 
into the cells and the root tips became yellow. (A few root tips, which ap- 
peared to be injured or sickly, turned red, that is, they were more alkaline 
than the rest. These were discarded.) Excess dye was drained off, 1 per 
cent, urea solution was added, and a cover slip applied. After 2 to 10 
minutes, a red color appeared which varied from a very weak positive to a 
weak positive test. Every root showed this red region at the meristematic 
zone, and not far above it. The variations in urease distribution in the root 
tips examined by this method are shown in figure 4. The maximum urease 



Fig. 4. Urease distribution in root tips. 


content is in the region of actively dividing cells. In some root tips there is 
more urease in the periblem than in the plerome, and in others the opposite 
is true. 

A large number of root tips from 13-week-old plants were examined. 
Most of these root tips gave a negative reaction for urease with the staining 
reagents. However, those that were positive showed that urease was located 
only in the meristematic region. 

The studies of Lindeestr0m-Lang and Holter (3), on the quantitative 
distribution of peptidase in the germinating barley root, led them to con- 
clude that the maximum i>eptidase activity was related to the region of cell 
elongation and not. to the Tegion of rapid cell division. The experiments on 
urease relate the maximum urease concentration to the region of rapid cell 
division. 
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The data for the quantitative urease determinations on the roots of the 
jack bean are given in table II. It is seen from these figures that the urease 

TABLE II 

Urease content of boots of jack bean seedlings 


Days 

AFTER 

PLANTING 

Structure 

Fresh wt. 

U.U. PER GM. 
FRESH WT. 

U.U. PER UNIT 
STRUCTURE 

+ COLLET 

- COLLET 

4- COLLET 

-COLLET 

days 


gm. 





1 

radicle 

0.025 

19.2 


0.480 


3 

radicle 

0.300 

2.94 


0.824 


5 

root 4- collet 

0.310 

0.434 


0.134 


7 

root + collet 

0.788 

0.169 


0.133 


10 

root + collet 

0.645 

0.191 


0.123 


20 

root 

0.625 


0.0187 


0.0117 


root 4- collet 

0.997 

0.0515 


0.0514 


28 

root 

2.37 


0.0114 


0.0271 

40 

root 

3.31 


0.0079 


0.0263 


root 4- collet 

3.77 

0.0105 


0.0396 



activity per gram of fresh weight decreases with increasing age of the roots. 
This is to be expected if one assumes: that (a) the cells of the root, back of 
the region of cell division, do not possess any marked ability to synthesize or 
elaborate urease, in which case only a dilution of the enzyme already present 
in the cell would occur during cell elongation ; that (b) owing to the partial 
sloughing off of the outer cortical cells of the root, and a partial disintegra- 
tion of the pith, these urease-containing cells are destroyed and the enzyme 
in them is likewise destroyed; that (c) owing to the increase of dead xylem 
cells, the percentage of living cells in the root decreases and therefore the 
urease activity per unit of fresh weight also decreases. From the figures on 
the urease activity per unit tissue of ‘ ^ root + collet, ^ ^ it is seen that a definite 
decrease of urease must occur even in the early stages of root formation. 
This decrease of the enzyme is not readily evident during the first 10 days 
after germination because of the rapid increase in the number of new roots, 
and consequently of young cells containing urease. After this time, the 
number of roots increases slowly and the value for total urease drops off 
rapidly. The data also indicate that during the first 10 days the collet region 
possesses approximately five times as much urease activity as the roots. 

Hypocotyl 

The hypocotyl of the 5-day-old seedling possesses a high urease content 
throughout its entire length of 4 cm. The enzyme appears mainly in the 
parenchyma cells of the cortex and pith. The epidermis and the small sub- 
epidermal parenchyma cells contain little of the enzyme. No urease could 
be detected, with the histological reagents, in the cambium or its derivatives. 
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The decrease of urease activity follows the elongation of the hypocotyl as 
would be expected if dilution of the enzjrme were taking place. The stip- 
pling in figures 1 and 5 indicates the relative urease activity of the 10-, 20-, 
28-> and 40-day-old seedlings. The enzyme does not continue to decrease 
indefinitely, for in the 12-week-old plant the hypocotyl still gives a weak re- 
action in the pith and cortex with the histological reagent. The content of 
urease in the hypocotyl is always highest just below the cotyledons and just 
above the collet region, disappearing most slowly from the collet region. 
Whether the cells in these regions remain small, or whether less urease is 
catabolized, has not been determined. 

From the quantitative data in table III, it may be observed that the 
change in urease activity is quite marked, decreasing from 0.777 U.U. per 

TABLE III 

XJbease content or hypocotyl (piest internode) 


Days 



U.U, PER 

U.U. per unit structure 

AFTER 

PLANTING 

Steucture 

Fresh wt. 

GM. FRESH 
WT. 

1 Entire 

1 hypocotyl 

1 Parts of 

1 HYPOCOTYL 

days 

1 

Hadicle 

gm. 

0.025 

0.300 

19.2 i 

0.480 


3 

Badiele 

2.94 

0.824 


5 

Hypocotyl 3.5 cm. 

0.480 

1.62 

0.777 


10 

Hypocotyl 7 cm. 

0.921 

0.561 

0.618 



Upper half 

0.460 

0.678 


0.312 

20 

Lower half 

Hypocotyl 12 cm. 

0.461 

1,802 

0.446 

0.153 

0.275 

0.206 


Upper half 

0.867 

0.151 


0.129 


Lower half 

0.945 

0.154 


0.148 

28 

Hypocotyl 

1.401 

0.0650 

0.0770 


40 

Hypocotyl 

1.708 

0.0317 

0,0541 



hypocotyl in the 5-day-old seedling to 0.0541 U.U. in the 40-day-old plant. 
The changes in structure of the hypocotyl with age, such as the conversion 
of some parenchyma cells into pericyclic and collenchymatous tissue, etc., do 
not account for the marked decrease in total urease content of the hypocotyl. 
A decrease in the enzyme content of the parenchyma cells is evident. 

Stem 

The apex of the stem was made the subject of a detailed study since this 
material contains, i;nthin the short space of 3 mm., the embryonic meristem 
and the differentiating tissues. Longitudinal sections, cut at 35 and 60 p 
were tested with the urease reagents. These showed that urease was located 
in greatest quantity in the primordial meristem. With the enlargement of 
the isodiametric cells of the meristem to form cortex and pith, the enzyme 
rapidly decres^d in concentration, being absent in some stem tips at the 
region where metaxylem elements are already visible. 
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A few photomicrographs (fig. 6) were taken of sections of apical buds 
treated with the haematoxylin-nickel reagent for urease. In the presence of 
ammonia, a dark purple lake is formed which shows up black in the photo- 
graphs. The photographs do not indicate the actual sharpness with which 
the enzyme may be localized by this method, since it was necessary to permit 
the development of a more intense and therefore a somewhat more diffuse 
color in order properly to photograph the sections. Figure 6 A shows two 
meristems containing much urease, while figure 6 B shows two meristems one 
of which contains more enzyme than the other. 

There were great variations in the enzyme content of the various apical 
and axillary buds examined. Sections of some buds gave no urease test. 
Most of them gave only a weak reaction (fig. 3, VII). A few gave fairly 
strong reactions. The weakly reacting sections evidenced limitation of 
urease to the promeristem of the tip and to the promeristems in the leaf axils. 
With sections of higher urease activity both the promeristems and the pro- 
cambium possessed a relatively high urease content ; furthermore, the cortex, 
the pith, or both together, gave a positive urease reaction extending well into 
the elongation-region (3 mm. from the tip). The procambium strands gave 
weaker reactions as they differentiated, and by the time a few metaxylem 
elements had appeared they gave no reaction for urease. In these buds it 
was difficult to judge the urease content of the cambium or its derivatives be- 
cause of the urease activity of the neighboring parenchyma cells. In cross- 
sections of young stem tissue 15 mm. below the apical bud, the enzyme was 
just faintly detectable only in the pith. 

A comparison was made between the urease activity of the axillary and 
the apical buds taken from the same plant. It was found that some axillary 
buds contained more urease than the apical buds, or vice versa. It also ap- 
peared that apical buds of vigorously growing shoots possessed a somewhat 
higher urease activity than apical buds of slower-growing shoots. 

The quantitative data on the urease content of the stem intemodes (table 
IV) indicate that the U.U. per gram of fresh weight values are highest in the 
uppermost, and therefore the youngest, internodes. This is to be expected 


TABLE IV 

Uebase content of different intbrnodes of the stem 


Internodb 

Average length 

Fresh wt. 

U.U. PER GM. 
FRESH WT. 

U.U. PER 
INTERNODE 

6 

cm , 

3 (leaf bud) 


1 0.066 

0.0006 

5 

5 



0.0019 

4 

10 

0.585 


0.0034 

3 

9 

0.644 


0.0028 
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since the histological studies on the stem tip showed that the youngest cells 
possessed the highest urease activity. The urease activity per gram of fresh 
weight in the lower intemodes decreases progressively with age owing to the 
dilution of the enzyme and probably also to a catabolism of the enzyme. 

Epicotyl 

The region above the cotyledonary node, i.e., the epicotyl, is considered 
separately from the other internodes because it is one of the organs which 
is already developed in the seed and these organs have been found to possess 
very high urease contents. Sections of the young, second internode show 



Pza. 5, Oomposite picture of urease distribution in the various structures of the 
jaeh bean seedlings 28 and 40 days old. (See legend of fig. 1.) 
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active urease in the pith and cortex. As the internode increases in length, 
the enzyme concentration decreases until after 28 days (fig. 5) it is detect- 
able only close to the cotyledonary node. Prom the quantitative data in 
table V it may be seen that the urease content per epicotyl is highest when 
the plant is 15 days old. The most rapid elongation has occurred between 
the tenth and fifteenth day. After this period of rapid elongation the urease 

TABLE V 

Urbask content of epicotyl (second inteenodb) 


Age of plant 

Length 

Fresh wt. 

U.U. PEE GM, 
FRESH WT. 

U.U. PER 
EPICOTYL 

days 

cm. 

gm. 



3 

0.9 (plumule) 

0.0120 

1.35 

0.0162 

15 

3.5 

0.180 

0.222 

0.0401 

20 

6!o 

0.412 

! 0.0391 

0.0161 

28 

5.5 

0.512 

0.0202 

0.0103 

40 

6.2 

0.675 

0.0077 

0.0052 


content per epicotyl drops off markedly. Urease activity per gram of fresh 
weight is greatest in the meristematie tissue of the young 9-mm. plumule 
and decreases rapidly as these cells elongate and age. This same sequence of 
urease changes with age has also been found in the other stem internodes. 

Leaves 

Examination of longitudinal sections of the differentiating leaves of a 
large number of axillary and apical buds revealed that the very young 
leaves enveloping the growing point contain urease, at times more, and 
at other times less than the growing point itself. The enzyme content 
of the buds as a whole varied greatly, some containing much, others little 
urease. No reason has as yet been found for this variation. The procambial 
tissue at the base of the developing leaf gave a strong reaction for 
urease. Even at a slightly later stage, w^hen a portion of the procambium 
strands had differentiated into definite protoxylem elements, the content of 
urease was still high in the protophloem and procambium. No differences 
in urease activity were noted among the various parenchyma cells. 

In a study of leaflets 10 mm. long it was found that the veins gave a 
stronger urease reaction than did the other portions of the leaf blade. 
Examination of the veins indicated that the enzyme was limited to the large 
area of parenchyma cells below the vascular bundles, and to a lesser degree 
to the bundle sheath, the reaction of the phloem being doubtful. 

Sections of leaflets 4 cm. long from the first leaf below the apical bud 
again showed that the cortical cells of the midrib and of the other main veins 
contained more urease than did the other cells of the leaf blade. The strong- 
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est urease reaction of the leaf was given by the cortical cells of the midrib 
at the base of the leaf. No difference could be noted in the urease content 
of parenchyma cells throughout the length of the leaf. In cross-sections, the 
enzyme appeared to be more concentrated in the palisade cells than in the 



Fig. 6. Ureaae distribution m meristems of apical buds of jack bean. Darker areas 
indicate higher urease content. 

spongy mesophylL This may be due, however, to the compactness of the pali- 
sade cells which, under the conditions of the test, would effect a more rapid 
increase in alkalinity than would the loose mesophyll cells, even though the 
urease contents were the same, cell for cell. The epidermal cells appeared 
to contain less urease than the mesophyll cells. In leaflets 12 cm. long, no 
indications of the enzyme distribution could be obtained because of the low 
urease content. 



Fig. 7. X^iailet showing place from which samples were taken for urease determina- 
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Quantitative determinations were made on the distribution of urease in 
different portions of leaflets 12 cm. long and 5,3 cm. wide. Portions of these 
nearly mature leaflets were taken as shown in figure 7. It is seen from table 
VI that the data on U.U. per gram of fresh weight indicate that urease 


TABLE VI 

XJbeabb content of ]»0BTZ0NS of leaflet (fig. 4) 


No. 

Part op leaflet 

Fresh wt. 

U.U. FEB GM. 
FRESH WT. 

1 

Outermost 5-mm. edge 

gm, 

0.720 

0.0310 

2 

10-mm. middle strip 

0.998 

0.0345 

3 

10-mm. inner strip 

1.161 

0.0342 

4 

Midrib 

0.365 

0.0123 


activity is about the same throughout the various portions of the lamina. 
The en 2 yme content of the outermost edge of the lamina is somewhat less 
than that of the other portions of the lamina. This may or may not be due 
to the fewer parenchyma cells as compared to epidermal cells in this portion 
of the lamina. The midrib of the leaflet contains only about one-third as 
much urease per gram of fresh weight as the other parts. As has been men- 
tioned above, the parenchyma cells in the veins contain much urease. The 
relatively low figure for U.U, per gram of fresh weight in the midrib is due 
to the large proportion of primary xylem and of collenchyma cells which 
contain little or no urease. 

A quantitative study was made on the amounts of enzyme in leaves of 
different sizes. Under similar environmental conditions the young, actively 
growing ternate leaves of the same size showed remarkably similar values 
for urease content. Apparently the position of the leaf on the stem makes 
little difference. Indeed, it was possible to predict approximately the total 
urease content of any size of actively growing leaf because of this constancy 
of relation. From table VTI it is evident that the youngest tissues possess 
the highest urease activity per gram of fresh weight. As the leaves grow 
older, these values decline. The figures for “TLU. per unit structure’’ show 
clearly that a definite synthesis of urease has taken place during the expan- 
sion of the cells, and long after cell division has ceased in the young leaf. 
Contrasting the leaf 6.5 cm. long and the fully expanded leaf 15 cm. 
long, it is seen that the urease content has increased from 0.037 to 0.149 U.U. 
per leaf. 

Plumule Leaves 

The first leaves (plumule leaves) to appear after the germination of the 
seed are a pair of simple, opposite, cordate leaves located at the second node. 
These were laid down in their embryonic condition within the developing 
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seed. As noted previously, the tissues formed in the developing seed possess, 
in their early stages, a higher urease activity than those which develop from 
the meristems after germination. Because of this higher content, detailed 
studies of urease distribution in these leaves could be made with the histo- 
logical reagents. 

TABLE VII 

Ueeasb content op developing ternate leaves 


STRtTOTUEE 

Feebh wt. 

TT.U. PER GM. 
PRESH WT. 

U.U. PEE UNIT 
STRUCTURE 

1-mm. apical bud 

gm. 

0.0016 

0.08 

0.0001 

3-mxn. apical bud 

0.0028 

0.05 

• 0.0001 

17-mm. apical bud at 6th node 

0.0266 

0.046 

0.0012 

3.5-mni. leaf 

0.0088 

0.066 

0.0006 

1.4-cm. leaf at 6th node 

0.0385 

0.063 

0.0020 

6.5-cm. leaf blade at 4th node 

0.780 

0.047 

0.0370 

15.0-cm. leaf blade at 3d node 

4.115 

0.036 

0.149 

Petiole of leaf at 4th node 

0.603 

0.0042 

0.0026 

Petiole of leaf at 3d node 

0.579 

0.0041 

0.0024 


Sections of the young plumule leaf (3 mm. long) showed a strong urease 
reaction throughout the leaf, the veins containing slightly less enzyme than 
the embryonic parenchyma cells. In the slightly older leaf (8 mm. long) 
the large cortical cells of the midrib contained less urease than did the em- 
bryonic parenchyma and epidermal cells. In the leaves 20 mm. long, the 
picture of urease distribution was similar to that obtained with the trifoliate 
leaves, that is, the palisade cells gave the strongest urease reaction, the meso- 
phyll cells less, and the epidermal cells still less. Epidermal layers, stripped 
from the leaves and examined for urease, gave indications of the presence of 
only traces of enzyme. Sections through a leaf 8 cm. long from a IT-day-old 
plant showed that the greatest urease concentration was present in the 
parenchyma cells of the midrib lying below the vascular bundles. The 
urease reaction was especially strong at the base of the leaf, i.e., in the sec- 
ondary pulvinus. In the petiole proper, only a slight urease activity was 
noted. At the base of the petiole, in the pulvinus, only the lower portion 
of the cortex contained the enzyme (fig. 5). 

Determinations were also made of the quantity of urease in the plumule 
leaves at various stages of their development. The leaves follow the same 
trends of urease content as those noted for the stem internodes and the roots 
(table VIII ) . The youngest leaves have the highest urease activity per gram 
of fresh weight and as the leaves become older the urease activity per gram 
of fresh weight diminishes rapidly. The urease content per unit of organ 
shows that- a definite synthesis of the enzyme takes place until elongation of 
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TABLE VIII 

UbAASE content of the pair of FliUmUEE LEAVES 


AGE OF 
PLANT 

Structures 

Fresh wt. 

U.U. PER 
QM. FRESH 
WT. 

U.U. PER 
UNIT 

STRUCTURE 

days 

10 

2-cm. leaves 

gm. 

0.0101 

0.816 

0.083 

20 

8.6-cm. leaf blades 

2.066 

0.0556 

0.115 

28 

13 -cm* leaf blades 

4.990 

0.0603 

0.306 

40 

13 -cm. leaf blades 

5.730 

0.0263 

0.150 

28 

13-cm. leaf blades: 
main veins 

0.850 

0.0377 

0.032 


blade minus main veins 

4.14 

0.0662 

0.274 

20 

Both petioles 

0.538 

0.0204 

0.0110 

28 

Both petioles 

0.662 

0.0132 

0.0088 

40 

Both petioles 

0.783 

0.0098 

0.0078 


the cells has praetiealy ceased. From that time on inactivation or catabolism 
of urease occurs. The petioles undergo these changes more rapidly than do 
the leaves. The urease content of the plumule leaves in their adolescent 
stage (approximately 2 cm. long) is much higher (0.81 U.U. per gm. fresh 
weight) than that of the ternate leaves of similar size (0.05 U.U. per gm. fresh 
weight). Stipules of the second node were also examined, and, as would be 
expected, they undergo changes in urease content similar to the leaves. 

Flower and fruit 

The flowers arise on knoblike protuberances, the pedicellar glands, which 
may be borne sessile in the axil of a leaf in close proximity to the axillary 
vegetative bud; or they may arise from a stalk, the peduncle, which may 
grow out to a length of 10 to 15 cm. and upon this peduncle may be borne 
one or more pedicellar glands, each of which may bear 3 to 5 flowers (fig. 3, 
IV, VIIT). 

The distribution of urease was studied in sections of flower primordia, 
in a manner similar to that described for the vegetative primordia. A photo- 
micrograph of a longitudinal section, through a nodal region, stained with 
the lake reagent for urease, is shown in figure 8. It will .be noted that there 
are several promeristems present in a very early stage of differentiation, all 
of which stain darker than the neighboring tissues, and thus contain more 
urease. It is probable that the cluster of three promeristenw at the left are 
the “anlage” of the flower primordia and that the promeristem at the right 
will differentiate into a vegetative primordium. Another view of a cluster 
of promeristems in a leaf axil may be seen in figure 3, VI, where urease con- 
centration is indicated by the intensity of stippling. 

Urease distribution in later stages of flower differentiation is illustrated 
in figure 3. Figure 3, VIII shows a section through a pedicellar gland bear- 
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Pig. 8. Longitudinal section of axillary meristems showing the distribution of 
urease. 

ing three flower primordia. Figure 3, 1 and II, are of sections made through 
different levels of the same pedicellar gland. They indicate that a relatively 
high urease activity extends from the flower promeristems into the regions of 
the pedicellar gland where the cells are still small and active. Later stages of 
flower differentiation are represented by figure 3, IV, III, and IX. From 
the numerous observations made on flower primordia, it may be said that, 
in general, urease is relatively highest in concentration in the flower pro- 
meristems ; in the differentiating flower it is highest in the primordia of the 
pistil and the cells connecting the pistil with the pedicellar gland; it is less 
in the stamen primordia, and least in the primordia of the calyx and corolla. 

No urease can be detected in the peduncles with the indicator reagents. 
A quantitative determination on peduncles varying from 1 to 9 cm. in 
length gave an average urease activity of 0.0165 XJ.U. per gram of fresh weight 
(table IX). 

The pedicellar glands are made up of a spongy mass of parenchyma cells. 
Only those regions of the parenchyma which join or abut on the flower 
primordia -give a faintly positive urease reaction with the histological re- 
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TABLE IX 

Uebase content of flower buds 


Structures 

Fresh wt. 

U.U. PER 

GIC. FRESH 
WT. 

U.U. PER UNIT 
STRUCTURE 

Peduncles (1—9 cm. long) 


0.0165 


Pedieellar glands 


0.0199 



Tip of raceme ; 12 flower buds each 




less than 2 mm. (av. wt. 0.0064 




gm.) - 

0.0765 

0.0542 

0.00034 (average) 

5-mm. flower bud 

0.0144 

0.0241 

0.00035 

13 -mm. flower bud 

0.152 

0.00745 

0.00112 

14-mm. flower bud (just opening) 

0.210 

0.00683 

0.00143 


agents. The total urease activity of these glands is relatively low (0.0199 
U.U. per gram fresh weight). From the pedieellar glands arise the flower 
primordia which contain a fair amount of urease (0.0542 U.U. per gm. fresh 
weight). As growth and differentiation of these cells continue, urease 
activity decreases (table IX), until, in the flower bud which is just opening, 
it is down to 0.0068 U.U. per gram of fresh weight. Although the urease 
activity per gram of fresli weight has decreased, there has been a definite 
synthesis of urease per flower bud. 

When the flower is mature the pollen grains possess a low but definite 
urease activity. The pistil at this stage also has a low urease activity 
(0.0028 U.U. per gm. fresh weight). 

Since the endosperm contains 3n or 33 chromosomes, it was considered 
especially interesting to determine the urease activity of this tissue. Sec- 
tions of a bean 10 mm. long treated with a urease reagent showed that urease, 
if present in the endosperm, was below that concentration which could be 
detected by the histological method. It was however found that the endo- 
sperm could be readily removed in toto from the embryo sac. A number of 
endosperms were therefore removed and placed in small test-tubes and urea 
and indicator added until the total volume was 0.20 cc. Appropriate con- 
trols were also run. The endosperm tissue was not crushed. After one hour 
a definite positive indication of the presence of urease in the endosperm was 
observed. It is estimated that the endosperm had an approximate urease 
activity of 0.005 U.U. per gram of fresh weight. This same procedure was 
used in determining the presence of urease in mature pollen grains. 

In a seed, 10 mm. long, the radicle of the embryo is somewhat less than 1 
mm. The radicle at this stage possesses a definite but low urease activity. 
The cotyledons, consisting of small thin-walled cells, also possess a low urease 
activity. The inner integument consists of two layers of parenchyma cells 
and an epidermal layer abutting on the embryo sac. This integument has 
the highest urease activity of any of the tissues in a seed 10 mm. long, the 
urease activity being somewhat greater at the chalazal end. 
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The quantitative data (table X) on the urease content of the maturing 
bean reveal a steady increase of urease as the bean develops. In the young 
bean the weight of cotyledon and endosperm is negligible compared to that 
of the testas, and the values for U.U. per gram of fresh weight and 
for U.U. per bean up to the stage where the bean is 13 mm. long actually 
indicate the changes occurring in the testas. The testas pass through 
the same stages as other structures previously described. There is a 
decrease of U.U. per gram of fresh weight as the cells of the testa enlarge 
and mature ; however, the urease activity per testa increases until the bean 
is approximately 15 mm. long and thenceforth decreases as the bean continues 
to enlarge. 

TABLE X 

Ubiease content of the matubino bean 


Length of bean 

Fresh wt. 

IT.XT. PER GM. 
FRESH WT. 

IT.XT. PEE UNIT 
STRUCTURE 

4r- 6-mm. bean 

gm, 

0.0117 

0.0822 

0.00096 

7- 9-mm. bean 

0.0575 

0.0467 

0.0027 

11-13-mm, bean 

0.185 

0.0262 

0.0048 

17-ram. bean 

0.648 


0.178 

Embryo 

0.352 

0.495 

0.174 

Testa 

0.296 

0.0162 

0.0048 

20-rara. bean 

1.080 


0.400 

Embryo 

0.646 

0.615 

0.397 

Testa 

0.434 

0.0080 

0.0035 

22-mm. bean minns testa 

1.60 


2.65 

Cotyledons 

1.58 

1.65 

2.61 

Radicle and plumule 

0.0162 

2.75 

0.044 


As the cells of the cotyedons continue to divide and enlarge in the de- 
veloping embryo, storage of proteins, starch, and hemicelluloses proceeds 
vigorously and the urease activity likewise increases very rapidly until the 
bean has attained its full size. In the radicle and plumule the cells elongate 
only slightly; there is less storage of carbohydrates than in the cotyledons 
but the cells accumulate proteins and also increase rapidly in urease activity. 
Prom the data in table X it is seen that the urease activity of the radicle and 
plumule of the mature bean (2.75 U.U. per gm. fresh weight) is even higher 
than the urease activity of the cotyledons (1.65 U.U. per gm. fresh weight). 
This dominant synthesis of proteins together with urease in meristematic 
cells of the embryo has already been noted for the other meristematic tissues 
of the plant with the exception of the cambium, where no detectable amount 
of urease is produced. 

Entire plant 

A Survey of the changes in the urease content of the jack bean plant as 
a whole, throughout its life cycle, is given in the graph of figure 9. Total 
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Fig. 9. Graph representing the total urease content of young maturing seeds and of 
seedlings at various ages after planting. Total U.U. per bean or plant is plotted 
logarithmically along tlie axis of ordinates. Various stages of seed or plant development 
are plotted on the axis of abscissas. 

urease is plotted logarithmically on the ordinate, and the various stages of 
development are indicated on the abscissa. As the beans develop and ma- 
ture in the pods, a rapid synthesis of urease takes place, the urease values 
increasing over 1000 times when a comparison is made between the urease 
content of the very young bean (4-6 mm. long) and the nearly mature bean 
(22 mm. long). The stages of complete maturity and drying were not 
determined in this plant. 

Upon germination the seedlings develop rapidly. Thermograph records 
were kept and the average temperatures noted at which urease in the seedlings 
decreases with age, changing from 66 U.U. per seedling after one day’s ger- 
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mination to 0.45 U,U. in the 40-day-old plant. The most rapid decrease in 
urease content occurred in the 10- to 20-day-old plant. In the 20-day-old 
plant the cotyledons were about to fall oflf. Although total urease determi- 
nations were not carried out on plants over 40 days of age, it may be said 
from other data that there will be a slight increase in urease content when 
more leaves have developed on the plant. Still later, when the seeds begin 
to form in the pods, a marked increase will take place. 

When the data on the urease content of the other plant structures are 
considered, it becomes evident that figure 9 represents, to a large degree, the 
urease changes of the cotyledons. The cotyledons contain such preponderat- 
ing quantities of urease as to overshadow any changes of urease content 
occurring in the other plant structures. Even when the cotyledons are about 
to fall off in the 20-day-old plant, they still contain about two-thirds of the 
total urease of the plant. The marked decrease in urease in the 10- to 20- 
day-old plant is due to the marked decrease in urease content of the cotyle- 
dons. It is interesting to note that even after the cotyledons have fallen 
off, the urease content per plant still continues to decrease. The decrease 
in the total amount of urease in the plant is therefore not wholly due to the 
decrease in the cotyledons. 

The distribution of the enzyme in the various tissues of seedlings 10, 20, 
28, and 40 days old is illustrated in composite pictures in figures 1 and 5. 
The stippling in these figures indicates the relative urease concentrations 
as revealed by histological methods. The figures opposite each structure 
express the urease units per gram of fresh weight as determined by the 
quantitative method. A description of the specific urease changes of the 
individual plant structures will be found under their respective headings 
in the previous pages. 

Discussion 

It was realized, only after the analyses were nearing completion, that the 
urease content in different plant structures, as the internodes, leaves, roots 
etc., follow similar trends which are related to the ages of these structures. 
The curves in figure 10, in which the relative ages of the structures are 
plotted along the abscissa, indicate these general trends. The urease activity 
per gram of fresh weight (fig. 10 A) is highest when the cells of the young 
structure are actively dividing, and decreases as the cell of the primary 
tissues* grow older. The total urease content of a plant region (fig. 10 B) 
increases rapidly during the period of cell division of the primary tissues, 
and more slowly during the period of cell elongation until, at about the time 

^ The term tissues, as here used, has reference to those tissues developing 

from the apical mllistems in contrast to the secondary tissues • which develop from the 
eambiuud. * " % 
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Fig. 10. Clianges m urease activity in relation to physiological age. 

primary growth has ceased, the plant part contains a maximum urease con- 
tent. 

Consideration of the histology of the seedlings makes it evident that the 
preponderating cells are the parenchyma cells. These cells originate by the 
elongation of the isodiametric cells of the apical meristems and appear to 
be the least differentiated of the cells derived from the meristems. Since it 
has been found, with the indicator reagents, that neither the cambium nor 
its derivatives contain perceptible quantities of urease, it becomes apparent 
that the changes observed in the distribution of urease are really the changes 
occurring in a single tissue, the parenchyma. 

Upon this basis, the urease changes may be related to the aging of 
parenchyma cells. The urease content per unit volume of cell steadily de- 
creases (fig. 7 A) as a cell ages. The decrease in urease units per gram of 
fresh weight is especially rapid during the period of cell elongation. After 
that, there is a slower decrease in the enzyme. This decrease is partially 
accounted for by the dilution of materials in the cell and by an increase in 
dry weight due to cellulose deposition, but there is also a definite inactiva- 
tion or perhaps catabolism of urease taking place especi^ally in the mature 
cells. 

The metabolism of urease in the parenchyma cells may be briefly sum- 
marized (fig. 10 B) thus: 

1. There is a rapid synthesis of urease in the actively dividing meriste- 
matic cells. 

2. This synthesis continues during the period of cell elongation although 
at a decreasing rate, the amount of urease of a cell reaching a maximum at 
the end of the elongation period. 



622 


I^LANT PHYSIOLOGY 


3. After this period, there is a decomposition of urease which continues 
down to a certain level. 

A discussion of reasons for these changes will appear in the next paper 
of this series. The parenchyma cells of the root pass through the various 
growth stages and phases of urease change most rapidly, the stem cells less 
rapidly and the leaf cells least rapidly. 

The cells possessing the densest cytoplasm contain the highest content of 
urease. This is true for the meristems of the root tip, stem apex, internodes, 
and flower promeristems. In the cotyledons the subepidermal parenchyma 
cells, the cells making up the bundle sheaths of the veins, and the young 
primary phloem cells, which appear to contain the densest cytoplasm, are 
also richest in urease. The density of cytoplasm is related to its protein 
content (the major portion of the protein being globulin). If the globulin 
urease undergoes changes similar to other globulins in synthesis and de- 
composition, it might be expected that an increase in protein content of the 
cytoplasm would be accompanied by an increase in urease activity. The 
data appear to confirm this. 

The structures developing from the fertilized egg and laid down in the 
maturing seed have been treated separately from the structures which are 
differentiated after the seed germinates because the former possess a urease 
activity which is higher than that of similar organs developing in the seedling 
or mature plant. For example, at comparable stages of growth the plumule 
leaves (2 cm. long) have a urease activity per gram of fresh weight of over 
15 times that of the ternate leaves of the same size ; likewise, the young epi- 
cotyl (second internode) has a urease activity per gram of fresh weight of 
over 20 times that of an upper internode of similar weight. The cause of 
this difference in urease activity may be traced back to the development of 
the maturing seed, during which period there is a marked protein synthesis 
and storge including urease synthesis and storage. Upon germination, the 
meristematic cells of the radicle and plumule not only start with a high con- 
tent of urease but are supplied by the cotyledons with a large amount of 
nitrogenous compounds from which to synthesize more urease during cell 
division and cell elongation. The later-developing structures are poorer in 
urease content, which is probably due to the fact that they are less richly 
supplied with nitrogenous compounds and must depend for their nitrogen 
on the mature and Senescent cells and upon the supply of inorganic nitrogen 
obtained from the soil. 

Summary 

1. The urease activity of CmavdUa ensiformis has been determined using 
histological and quantitative methods. The data for total urease are sum- 
marized 1*1 figure 6 which is a graph showing the total urease content of the 
develop^ bean, and of the young plant through the 40-day-old stage. The 
distribUQbu of urease in the various tissues of seedlings 10, 20, 28, and 40 
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days old is illustrated in a composite picture (figs. 1, 5) . Stippling indicates 
the relative urease concentrations as revealed by the histological methods. 
The figures opposite each plant part express the urease activity in terms of 
urease units per gram of fresh weight as determined by the quantitative 
method. A description of the specific urease changes in the individual plant 
structures is given under their respective headings in the previous pages. 

2. The changes observed in the urease content of the plant are due 
primarily to the changes in urease content of the parenchyma c ells. Neither 
the cambium nor the cellS derived from the cambium, that is, the phloem 
and xylem, contain any amounts of urease that can be detected with the 
indicator reagents. 

3. The changes of urease activity in the parenchyma cells of any organ 
follow the same trends with aging of the cell. There is a rapid synthesis of 
urease in actively dividing cells. This synthesis continues during the elon- 
gation stage of the cell, the urease content of a cell reaching a maximum at 
the end of the elongation stage. After this stage, there is a decrease of the 
enzyme which continues until the urease content of the cell is down to a 
certain level. 

4. The cells of the embryo developing from the fertilized egg and laid 
down in the maturing seed possess a urease activity which is higher than that 
of cells in similar organs developing in the seedling or mature plant. 

The writer desires to express his gratitude to Professor F. O. Gustafson 
for the many helpful suggestions and valuable criticisms throughout the 
course of this investigation and to Mr. Harman Dunham for assistance in 
taking the photomicrographs and in the preparation of the illustrations. 
Univeesity of Michigan 
Ann Abboe, Michigan 
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NUTRITIONAL CHARACTERISTICS OF CERTAIN WOOD- 
DESTROYING FUNGI, P0LYP0BU8 BETULINU8 
FR., F0ME8 PINICOLA (FR.) COOKE, AND 
P0LY8TICTU8 VEB8IC0L0B FR. 

H. H. LaFuze 
(with two figures) 

Introduction 

Wood-destroying fungi vary greatly in their ability to attack different 
kinds of woods under natural conditions. A large number of them, such as 
Polystictus versicolor Fr., grow on a wide range of tree species. Many, how- 
ever, are restricted to growth on a limited number of hosts, e.gr., Polyporus 
hetulinus Fr. attacks only birches, while Pomes pinicola (Fr.) Cooke is most 
commonly found on gymnosperms, and rarely on angiosperms. This speci- 
ficity for certain substrates is obviously an inherent physiological character- 
istic of these fungi, conditioned by certain substances in woods. The experi- 
ments here reported are an attempt to determine some of the physiological 
differences between the wood-rotting forms, Polyporus hetulinus, Pomes 
pinicola, and Polystictus versicolor. Emphasis is placed on the nutritional 
and growth characteristics shown by the organisms on various artificial 
media. 

Investigations on durability of woods have suggested a number of factors 
which may be responsible for the selective growth of certain fungi on specific 
substrates. These factors, as commonly reviewed in the literature (1, 6, 6, 8, 
18), include the presence of toxic water-soluble extractives such as phenolic 
compounds, alkaloids, and fatty acids, the waterproofing effect of resins, the 
toxicity of resins, pine oils, terpenes, quinones, and volatile materials, the 
specific gravity, moisture content, and air-water balance in wood, and the 
nutritional characteristics of woods, especially those of nitrogenous nature. 
Woods which have been subjected to high temperatures and long water treat- 
ments are invariably decayed to a greater extent than untreated woods (1, 
10, 18) . This loss of immunity to decay by the woods is undoubtedly caused 
by changes in water-soluble and volatile materials occurring in woods during 
water treatments and subsequent heating in an autocl ave. Experiments have 
been included in this investigation to determine the influence of certain water- 
soluble substances, commonly present in woods, on the growth of the three 
fungi. 

Methods 

The strains of fungi used in these experiments were obtained from the 
Forest Products Laboratory of Madison, Wisconsin. They were received as 
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Polystictiis versicolor f no. D. 1524," isolated from oak wood ; Fomes pinicola, 
no. 610, isolated from a sporophore ; and Polyporus hetuUnus, no, 652, isolated 
from sporophore tissue. Stock cultures of these were grown for two years 
preceding these experiments on media consisting of 1 per cent. Spramalt 
extract and 1.5 per cent. agar. 

The basic components used in making experimental media and the exact 
formula of the control medium were as follows : 

Basic formula, control medium 


Carbohydrate, maltose 40 gm. 

Nitrogen, Witte’s peptone 4 gm. 

Mineral salt, dipotassium acid phosphate 1 gm. 

Substratum, agar-agar 15. gm. 

Water, distilled water to make 1000 cc% 


U.8.P, and C.P. chemicals were used in the preparation of the media, with 
a maximum error in weighing of 0.5 per cent. A complete series of media 
differing only in the quality of a single nutrient in the basic formula was 
prepared at one time. The different kinds of this variable nutrient were 
weighed into a series of small beakers. The remaining ingredients of the 
control medium were heated in a large beaker to melt the agar and dissolve the 
solutes. This was then apportioned quantitatively among the original small 
beakers of the series containing the variable component after which the con- 
tents were again heated and stirred thoroughly. The pH was adjusted 
between 5.5 and 6.0 by neutralizing with NaOH or HCl. The media were 
then tubed in dry test-tubes which had been thoroughly cleaned. The tubes 
were plugged with cotton and autoclaved at 15 pounds pressure and about 
120® C. for 15 minutes. All tubes were slanted uniformly and allowed to 
cool. 

The inoculum, consisting of a cube of substrate not exceeding eight cu. 
mm., was cut from six-day-old stock cultures growing on the malt extract- 
agar medium. Triplicate cultures for each fungus on each medium in a series 
were incubated in darkened cabinets at a temperature which varied between 
24® and 28® C. 

Data were recorded on the tenth day after inoculation. The extent of 
growth over the surface of the substrate was measured from the inoculum 
to the farthest edge of the mycelial mat and was expressed as millimeters of 
linear growth. This linear measurement of mycelial mats, which is commonly 
used as an index of growth, was considered inadequate by itself in express- 
ing growth since it did not take into consideration the amount of mycelium 
produced per unit area of surface. This objection was overcome in part by 
allowing the arbitrary value of five to represent the compactness and thick- 
ness of the most luxuriant mycelial mats, such as those produced by Poly- 
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sticius versicolor on the control medium, and then estimating the relative 
thickness of the other mats in terms thereof. The ratings were made 
according to the following scale : 0 indicating no growth, 1 scanty, 2 thin, 3 
good, 4 abundant, and 5 luxuriant growth. These values were referred to as 
rates of thickness of mycelium. 

The woods used were TiUa americam L., Betula nigra L., Betula papy- 
rifera Marsh., Maclura pomifera Schneid., Quercus alba L., Finns strobns 
L., Juniperus virginiana L., Juglans cinerea L., and Platanus occidentalis L. 
Tree trunks about six inches in diameter were cut during June in eastern 
Iowa. Sawdust from each wood was ground in a pulp-mill to pass a 40-mesh 
sieve and stored in air-tight mason jars till used. 

Aqueous extracts of the woods were made by adding about 50 gm. of the 
prepared sawdust to 750 cc. of distilled water, and autoclaving at 15 pounds 
pressure for 1.5 hours. The total volume of extract for each wood was 
evaporated to 450 cc. over a steam bath, thus producing an extract, 9 cc. 
of which represented about one gram of wood. A series of media was pre- 
pared by using the aqueous extracts of different woods instead of the water in 
the control medium. The formula of the control medium was further altered 
to include two per cent. agar. The approximate pH of each medium was 
determined. 

Pieces of different woods measuring 1/4 x 3/4 x 2 inches were cut and 
trimmed until they were similar with respect to relative percentage of sap- 
wood and heartwood, absence of knots and abnormalities, and uniformity in 
size and shape. After soaking in distilled water for 24 hours at 21® C., like 
species of wood were strung in groups of four on nichrone wire and suspended 
over 20 cc. of water in 250-cc. wide-mouthed Brlenmeyer flasks, which were 
stoppered with corks containing two pieces of glass tubing plugged with 
cotton. These flasks were then autoclaved at 15 pounds pressure for 15 
minutes, and allowed to set in the laboratory for two weeks to test their 
sterility. They were finally divided into two lots and inoculated with Poly- 
sticfus versicolor, and Polyporus betvlinus, respectively. The cultures were 
incubated eight months in a dark room at a temperature of 22^—25® C. and a 
high relative humidity. 

Experimental results 

CARBOnYDBATE NUTRITION 

Various carbohydrates were substituted for maltose in the control medium. 
The fungi developed the greatest amount of mycelium in the presence of 
inulin, followed by dextrin, maltose, levulose, glucose, mannose, starch, and 
raflSnose (table I). The least growth was observed in the presence of glueo- 
sides, and no growth occurred on lactose. 

Fames pinicola was the most variable of all the fungi in its growth on this 



TABLE I 

Geowth of the fungi on artificial media containing different carbohydrates (4.0%). Linear growth repr^ents distance rrom 

INOCULUM TO EXTREMITY OF MYCELIAL MAT; RATE OP THICKNESS REPRESENTS THICKNESS OF MYCELIUM IN TERMS OF AN ARBIT&ARY 

VALUE (page 627). Percentages for each fungus are in terms of the growth of that species on the control Mia)iuM* 
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series of media. Pentoses and pentosans were especially poor nutrients, and 
the glucosides were definitely inhibitive to its growth. The most luxuriant 
growth was observed on glucose and its condensation products, dextrin, 
starch, and maltose, although good growth occurred on levulose, gum tra- 
gacanth, and mannose. 

Polystictus versicolor grew relatively well in the presence of unusually 
high concentrations of glucosides, especially four per cent, saponin, which 
was quite toxic to the other wood-destroying fungi. Although the actual 
amount of mycelium produced by Polyporus betuUnus on these media was 
very much less than that of the other fungi, it was more uniform in thickness. 
Contrasting with other fungi was the very extensive linear growth of the 
birch fungus in the presence of inulin and the complete inhibition of growth 
by saponin. 

Nitrogen nutrition 

Different nitrogen compounds were substituted for Witters peptone in the 
control medium. A general survey of the data shows that the best growth of 
the fungi was obtained on media containing, in order of diminishing amounts, 
proteins, peptones, amino acids, and inorganic nitrogenous salts (table II). 
The best inorganic source of nitrogen was ammonium nitrate. There was 
only slight indication that ammonia may be better utilized than nitrate. 
Sodium nitrite and urea were apparently non-nutritive to all three fungi. 
The monamino-dicarboxylic acids, aspartic and glutamic, supported good 
fungal growth, while glycine, a monocarboxylic acid, was a poor nutrient. 
Growth was almost completely inhibited by the two amino acids, tyrosin and 
cystine, which contain phenyl and disulphide radicals, respectively. 

Characteristic of the fungi was the luxuriant growth on gliadin, a protein 
which contains relatively large amounts of ammonia, tryptophane, and 
glutamic acid. Less abundant growth occurred on glutenin and casein, both 
of which are low in glutamic acid, ammonia, and tryptophane content but con- 
tain relatively more tyrosin than the other proteins. The hydrolysate of 
casein, deficient in tryptophane, consistently produced less mycelium than 
casein itself. It was found that nitrogen sources of high molecular weight, 
those containing tryptophane, ammonia, and glutamic acid and those low in 
tyrosin content favor optimum growth of the fungi. 

Pomes pinicola was most tolerant to the variety of nitrogen sources sup- 
plied in this series of media. Exceptionally good grovth occurred in the 
presence of the ammonium and nitrate salts. The organism developed better 
on cystine and glycine than either of the other fungi. In contrast, Polyporus 
befulinus grew poorly on this series of media. Striking variations in its 
growth as compared with the other fungi were noticed in the greatly increased 
thickness, but much reduced linear growth of mycelium, in the retardation of 
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growth on tryptophane-deficient casein hydrolysate and gelatin, as well as on 
glutenin, egg albumin, and particularly cystine, and in the inhibition of 
growth by both sodium nitrate and ammonium chloride as compared with 
media lacking any nitrogen source. 

Mineral nutrition 

The formula of the control medium was varied by substituting different 
salts for the dipotassium acid phosphate at the same concentration, one gram 
per liter of medium. Potassium and phosphate ions were essential for good 
growth of the fungi (table III). The presence of potassium was correlated 
with a slight increase in the spread of mycelium, while that of phosphate 
was correlated with a conspicuous increase in thickness of mycelial mats. 
Of secondary importance to potassium and phosphate was calcium, which 
generally caused an increase in growth, particularly of Fomes pmicola. The 
presence of sodium ions appeared to retard growth especially if the spread of 
mycelium be taken as a criterion. This was noticeable also in the tripotassium 
acid phosphate medium which had been neutralized with sodium hydroxide. 
The medium to which no mineral salts were added supported fungal growth 
equal to that observed on other media containing salts, suggesting that nutri- 
tive salts might have been introduced into the first medium as an impurity 
of some other ingredient. 

Growth of P. beluUnus was especially scanty when compared with that of 
the other species. Both the birch and conifer fungi were more variable in 
growth responses to different mineral salts than P. versicolor, further 
emphasizing the specificity^ of P. heiuUnvs and F. pinicola for certain 
nutrients. 

Effect of pH on growth 

The acidity of a short series of media made from the formula of the 
control medium was varied from pH 4 to 8 by adding hydrochloric acid or 
sodium hydroxide. The best growth of the three fungi was on an acid 
medium of pH 5.6, determined with the aid of a Lamotte Roulette Com- 
parator. The three species did not differ noticeably in their pH requirements 
for optimum growth. Acid media tended to cause greater spread of 
mycelium and thinner mycelial mats than more alkaline media. 

A series of media was prepared in which acidity changes of the sub- 
strate could be observed during the growth of the fungi. Different indicators 
were added to respective 6-cc. portions of the control medium in the following 
concentrations ; 

6 drops of 0.01 per cent, methyl orange 

4 ‘‘ ** 0.01 per cent. Congo red 

6 0.02 per cent, methyl red 

** 0.01 per cent, neutral red 
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5 0.04 per cent, bromphenol blue 

4 ** ‘‘ 0.04 per cent, bromcresol purple 

4 ‘‘ 0.04 per cent, bromthymol blue 

The original pH of the medium was about 5.6. The changes in color occurring 
during growth of the fungi were observed under the periphery and the older 
portions of the mycelial mats. 

There was a general tendency toward increased acidity in cultures of all 
three fungi. This was particularly noticed by a change in color of the indi- 
cators slightly in advance, but mostly directly beneath, the very young and 
actively growing mycelium. The colors due to indicators disappeared under 
the older mycelium. This was attributed to the alteration or destruction of 
the indicator by the organisms, since acids and alkalies added to the sub- 
strates caused no reappearance of the indicator color. The substrates of 
Fomes pinicola became the most acid, estimated to be about pH 3. Those of 
Polyporus betuUnus were almost as acid, while the Polystictus versicolor 
substrates remained strikingly more alkaline, or about pH 4.5. 

Oxidation-reduction phenomena 

Oxidation and reduction indicators were added to respective portions of 
media prepared from the formula of the control medium. Oxidation was 
observed in the media growing Polystictus versicolor and containing guaiacol, 
resorcinol, and tannin, while a doubtful reaction was obtained in media con- 
taining tyrosin, and quinol (table IV). Of the other two fungi, only F. 
pinicola showed a positive reaction with any of the oxidation indicators, pro- 
ducing but slight coloration in the tyrosin medium. 

TABLE IV 

Oxidation and reduction reactions or the fungi grown on the control medium in 

THE PRESENCE OF INDICATORS. NO GROWTH IS INDICATED BY 0, NO REACTION BY 
WEAK POSITIVE REACTION BY -f-, MODERATE POSITIVE REACTION BY + +, 

AND STRONG POSITIVE REACTION BY + + +. 
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Reduction of methylene blue to the leuco-compound occurred in F, pini- 
cola and P. betuUnus cultures. F. pinicola was the most active in reducing 
this indicator. The whitened substrate soon regained a deep blue color 
which later changed to green, due to re-oxidation of the leuco-compound. 
The medium in P. betuUnus cultures remained white for three weeks without 
indication of re-oxidation of the indicators. P. versicolor decolorized methy- 
lene blue only after cultures had been kept two weeks. The reaction, how- 
ever, was limited to immediately below the mycelial mat and was almost 
immediately followed by an oxidation reaction, producing a green color. 

Oxidase studies were continued by treating portions of the mycelium and 
the substrate on which the fungi had grown with a solution of guaiacum. 
The substrate of Polystictus versicolor cultures gave a strong blue color in 
the presence of the oxidase indicator, while the mycelium showed a weaker 
color reaction but nevertheless positive. Neither the mycelium nor the sub- 
trates of P. pinicola and P. betuUnus produced a positive test for oxidaise. 

Growth in the presence op PirENonic compounds 

Diiferent phenolic compounds were added to respective portions of a 
medium made from the formula of the control medium. The pH was not 
adjusted. No growth occurred in the presence of 0.02 per cent, alpha-naph- 
thol and pyrogallol (table V). The presence of the two dihydric phenols, 

TABLE VI 

Growth of the fungi on artificial media containing different amounts of tannin 

IN addition to nutrients of the control medium. Linear growth represents 

DISTANCE FROM INOCULUM TO EXTREMITY OF MYCELIAL MAT; RATE OP 
THICKNESS REPRESENTS THICKNESS OF MYCELIUM IN TERMS 
OF AN ARBITRARY VALUE (PAGE 627). PFACENTAGES 
FOR EACH FUNGUS ARE IN TERMS OF THE 
GROWTH OF THAT SPECIES ON 
THE CONTROL MFJOIUM* 
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resorcinol and quinol, retarded the growth of P, versicolor, while F, pinicola 
and P. betulinus w^re retarded appreciably only in the presence of the 
methylated catechol, guaiacol. 

Tannin at a concentration of 0.15 per cent, completely inhibited the 
growth of P. versicolor, while the other fungi continued to grow at a con- 
centration of 0.4 per cent, (table VI). The substrate of P. versicolor turned 
to a deep brown color in the presence of tannin, a phenomenon which sug- 
gests that oxidation products of tannic acid may be a factor inhibiting 
growth. With the increase in concentration of tannin, the ratio of surface 
area over thickness of mycelium of P. pinicola and P. betulinus increased. 

Growth on aqueous extracts of woods 

Cultures were made on a series of media containing aqueous extracts of 
different woods. The control medium was the same as that used in preceding 
experiments. 

Black and white birch extracts did not inhibit the growth of any of the 
fungi, in fact the development of mycelium was increased (table VII, fig. 1). 
On the other hand, white pine and osage orange extracts, both containing a 

TABLE VII 

Growth or the pungi on artificial media containing aqueous extracts of different 

WOODS IN ADDITION TO THE NUTRIENTS OF THE CONTROL MEDIUM. LINEAR GROWTH 
REPRESENTS DISTANCE FROM INOCULUM TO EXTREMITY OF MYCELIAL MAT; 

RATE or THICKNESS REPRESENTS THICKNESS OF MYCEUUM IN TERMS 
OF AN ARBITRARY VALUE (PAGE 627). PERCENTAGES 
FOR EACH FUNGUS ARE IN TERMS OF THE 
GROWTH OF THAT SPECIES ON 
THE CONTROL MEDIUM* 


Medium 

POLYPORVS 

BBTUL1NU8 

Pomes pinicola 

POLYSTICTVS 

VERSICOLOR 


Linear 

Thick- 

Linear 

Thick- 

Linear 

Thick- 


GROWTH 

NESS 

GROWTH 

I 

NESS 

growth 

NESS 


mm. 

% 

rate 

% 

mm,' 

% ! 

rate 

% 

mm. 

% 

rate 

% 

None* 

20 

100 

3.0 

100 


100 

2.7 

100 

41 

100 

4.0 

100 

White pine 

0 

0 

0 

0 

3 

12 

5.0 

185 

30 

73 

4.3 

107 

Basswood - 

16 

76 

3.3 

110 

1 20 

80 

4.0 

144 

42 

102 

4.7 

117 

White oak 

12 

60 

3.0 

100 

8 

32 

4.3 

159 

36 

88 

6.0 

125 

White birch 

20 

100 

3.7 

123 

23 

92 

4.0 

144 

45 

109 

4.3 

107 

Butternut 

19 

95 

3.7 

123 

23 

92 

4.0 

144 

26 

63 

5.0 

125 

Osage orange ... 

0 

0 

0 

0 

0 

0 

0 

0 

1 

3 

2.0 

60 

Sycamore 

20 

100 

3.7 

123 

16 

64 

4.0 

144 

43 

106 

4.3 

117 

Black birch 

25 

126 

3.7 

123 

27 

108 

4.0 

144 

43 

106 

4.7 

117 

Bed cedar 

18 

90 

3.7 

123 

25 

100 

4.0 

144 

38 

92 

5.0 

125 


* Control medium. 
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colloidal suspension unlike that in the other extracts, were strikingly 
inhibitive to the growth of the three fungi, especially to P. hetuUnus, and 
also but to a less extent, to F, pinicola. 



Fig. 1. Growth of the fungi on artificial media containing aqueous extracts of differ- 
ent woods in addition to the nutrients of the control medium. Length of bars represents 
linear growth, thickness of bars represents thickness of mycelium. Percentages for each 
fungus are in terms of the growth of that species on the control medium. 

Tlie reddish brown extracts of white oak, butternut, basswood, and red 
cedar differed in their influence on the development of the mycelium of each 
fungus. P. tjersicolor was retarded by extracts of white oak and butternut, 
yet it grew better than, or equally as well as, the other fungi on white oak, 
basswood, birch, and sycamore. Extracts of basswood, red cedar, and white 
oak definitely retarded growth of P. hetuUnus, while black birch extract 
supported better growth of the birch fungus than any other extract. F, 
pinicola was inhibited by basswood, white oak, butternut, and sycamore ex- 
tracts. The best growth of this fungus occurred on black birch extract, 
although the organism grew better on red cedar than either of the other 
fungi, and better on white pine than P. betulinus. 

Growth of the fungi on woods 

Polystictus versicolor and Polyporus betulinus were cultured on a variety 
of woods under laboratory conditions. Both fungi grew luxuriantly on 
sycamore, black and white birch, and basswood, but very poorly on white 
oak, butternut, white pine, osage orange, and red cedar (fig. 2). The first 
group of woods named were light colored while the latter group with the 
exception of white pine possessed dark-colored heartwood due to the presence 
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Pig. 2. Eight months old cultures of Polysticius versicolor and Polyporus hetuUnus 
on different woods. 


of colored materials, and light-colored sapwood. The mycelia of the fungi 
were seldom found on the dark colored heartwoods, and then only very 
scantily. The light colored sapwoods invariably supported fair growth of 
mycelium, thus indicating that growth was retarded by the presence of 
substances found in the dark colored heartwoods of certain trees. The 
fungi did not differ markedly from each other in extent of growth, although 
the birch fungus produced less mycelium than P. versicolor. 

Discussion 

The chief problem in these experiments was the determination of out- 
standing nutritional differences and growth contrasts of Polysfictus versi- 
color, Fomes pinicola, and Polyporus hetuUnus on artificial media, in order 
to gain a clue to the nature of the specificity of the latter two organisms for 
certain substrates. It was found that variations in the kind of carbohydrate, 
nitrogen, and mineral constituents of artificial media caused differences in 
the growth of the fungi, varying from mycelial mats spreading over the 
entire surface of the substrate to none at all, and from very thin to thick and 
luxuriant growths. The addition of phenolic compounds and aqueous ex- 
tracts of woods to artificial nutrient media inhibited or increased in varying 
degrees the growth of each fungus. The activity of oxidases and reductases 
of the fungi in the presence of indicators was also different for each species. 
Growth of P. versicolor P. ietuXinus was observed on a variety of woods 
but no specific differenee^lbetween the fungi were noticed. 

DifiSculty in mterpre!|^S^ data and comparing them with those of other 
investigators was experiei3^^ because of certain variable factors which were 
b^ieved to Influence growth of fungi. Woods collected in different seasons, 
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or from different regions, and those dried or prepared for cultures under 
different conditiohs may cause significant variations in development of the 
fungi growing on them or on their extracts. Chemicals obtained from dif- 
ferent sources and used in preparing nutrient media may influence differ- 
ently the development of fungi. Schopfer (14) discovered that impurities 
present in some maltoses and absent in others were essential for reproduc- 
tion of certain phycomycetes. Differences in growth characteristics ob- 
served by Schmitz (13) with strains of Fames pinicola isolated from differ- 
ent wood hosts suggested the necessity of knowing the wood host from which 
the fungus was isolated and also the nature of the stock culture medium on 
which the fungus was grown previous to the experiment. Significant 
changes occurring in woods during the preparation of laboratory cultures 
and probably involving among other things leaching and chemical or physi- 
cal modifications of wood substances not only may vary with different pro- 
cedures used by investigators and thereby modify growth data, but also may 
cause growth phenomena in laboratory cultures which are different from 
those occurring in nature. Characteristics common for a fungus growing on 
artificial substrates, such as the agar gel, were regarded as not necessarily 
being in correlation with those of the same fungus growing on woody sub- 
strates which are more complex physically and chemically. Also considered 
very significant and probably affecting the development of the fungi were 
the differences in the environments of nature and of the sterile, humid, en- 
closed, and temperature-controlled laboratory culture chambers. 

Polystictus versicolor was very profuse in its growth, and showed evi- 
dences of possessing much vitality and hardiness on a wide variety of nutri- 
ent media, and in the presence of many toxic substances, including glucosides, 
phenolic compounds, and extracts of woods. Neither F. pinicola nor P. ietu- 
linns showed such great adaptability to this variety of substrates. The 
coefficient of variability of growth over the surface of the control medium in 
these experiments was 3.7 per cent, for P. versicolor , while those for F, pini- 
cola and P. betulinus were three to four times greater, 10.7 and 13.4 per 
cent, respectively (table VIII). The average linear growth of P. pinicola 
and P. betulinus was only 64 and 45 per cent., respectively, of the growth of 
P. versicolor on similar lots of control media. It becomes apparent, then, 
that P. versicolor can adapt itself to many different substrates while the other 
two fungi are much less adaptive and may be inhibited in growth by certain 
substances or combinations of substances present in the substrates. 

Lutz (10) reported that neither Ungulina betuUna {-Polyporus betu^ 
linus) nor Polyporus pinicola {= Fames pinicola) would grow on oak wood 
unless the wood were first extracted with water to remove substances inhibi- 
tive to the growth of the fungi. Sneul (17) and Libse (9) found that Po?j/- 
porus betulinus grew equally well and caused similar amounts of decay in 
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TABLE VIII 

COUFAXISON or THK OBOWTH (H* TBX rnNOI CULTUBXD AT DIlTEItXNT TIMBS ON THK CONIBOL 
medium. LINEAB OSOWTH BBFBEBBNTS distance from IKOCULUM to ^TBEMirr or 
MTCEUAIi MAT; SATE OF THICKNESS BBrSBBBNTS THICKNESS OT MTCEUUM 
IN TEEMS or AN AB8ITKAKT VALVE (PAGE €27) 


Control medium 

POLYPORVS 

BRTVLINVa 

Pomes 

PINWOLA 

POLYBTICTUB 

VBRBICOLOR 

LIN]&AA 

GROWTH 

Thick- 

ness 

LiNBAa 

GROWTH 

TmcK- 

NBSS 

LlNEtAR 

GROWTH 

Thick- 

ness 

no* 


mm. 

rate 

mm. 

rate 

mm. 

rate 


f 

20 

2 

29 

5 

43 

5 

208 


16 

2 

28 

5 

44 

5 


1 

16 

2 

30 

5 

42 

5 


r 

17 

3 

22 

4 

40 

4 

318 - 


20 

3 

23 

4 

42 

4 

1 

1 

20 

3 

24 

5 

40 

4 


f 

25 

3 

30 

5 

45 

5 

403 

1 

24 

3 

30 

5 

45 

5 


[ 

22 

3 

30 

5 


... 

620 1 

\ 

20 

3 

24 

2.7 

42 

4 

1 

18 

3 

25 

2.7 

40 

4 


r 

17 

3 

30 

4 

44 

5 

600 

1 

17 

3 

30 

4 

43 

5 


[ 

18 

3 

30 

4 

42 

5 



20 

2 

25 

3 

42 

5 

oUO i 

1 

20 

2 

25 

3 

42 

5 

Total 


309 


435 


636 


Mean 


19.3 


27.2 


42.4 


Percentage mean in terms of 







mean of P. versicolor .. . 


45 


64 


100 


Standard deviation 


2.6 


2.9 


1.6 


Coefficient of variability 


13.4 


10.7 


3.7 



laboratory cultures on oak, basswood, certain conifers, and birch woods. 
Similar results were obtained by the author with the same fungus species on 
sycamore, basswood, and birch which were in contrast with poor growth of 
the fungus oh white oak, butternut, osage orange, red cedar, and white pine. 
That the substances present in woods and inhibitive to growth of certain 
fungi are water soluble and can be removed by water treatments was further 
suggested in the work of Sow&be (18), Andeeson (1), and Hawlbt, Fleck, 
and RicaABDS (6) and was evident in. these experiments from the exception- 
ally good growth of P. betuUnus on aqueous extracts of birch and the definite 
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inhibition of growth by extracts of white oak, osage orange, red cedar, white 
pine, and basswood. 

Water soluble substances in woods which are best known for their toxic 
effects on wood-destroying fungi are the phenolic compounds. Either P. 
letulmus or F, pinicola was inhibited to some extent by 0.02 per cent, 
a-naphthol, pyrogallol, resorcinol, and guaiacol in artificial media. Growth 
of these fungi was strongly retarded by 0.3 and 0.4 per cent, tannin. It 
follows that higher concentrations of tannin such as those present in some 
woods would also inhibit the growth of these wood-destroying fungi and thus 
be a factor responsible in part for the specificity of fungi for certain sub- 
strates (2, 10). P. versicolor, however, which is a common saprobe on many 
woods containing tannins, and thus apparently tolerant of phenolic com- 
pounds, was completely inhibited on artificial media in the presence of 0.15 
per cent, or more of commercial tannin. An examination of the cultures of 
this fungus grown on substrates containing phenolic compounds or extracts 
of woods known to contain soluble phenolic substances showed an inhibition 
of growth of the fungus and a coloration beneath the mycelium of the 
organism, caused by the presence of oxidation products of the phenolic com- 
pounds. Since tannin and similar compounds present in substrates are 
inhibitive to the growth of the widely occurring organism, P. versicolor, as 
well as to that of the specific fungi, P. betuUnus and F, pinicola, it follows 
that the presence of phenolic compounds is not the only factor which may 
determine the specificity of these fungi for certain woods in nature. 

Glucosides, such as saponin and salicin, were not only in general inhibitive 
to the growth of fungi but they also varied in their toxic effects on each 
species. Growth of P. betuJinus was completely inhibited by saponin, in 
contrast with the behavior of P. versicolor, Salicin favored relatively good 
growth of P. betulinus, and F, pinicola was retarded in growth by all of the 
glucosides. These observations not only suggest the inclusion of glucosides 
among the list of causal factors for specificity of fungi but also their very 
great importance as factors of growth and development of wood-destroying 
fungi on woods which may vary greatly in their glucosidic contents. 

Differences in growth induced by various nutrients in artificial media 
were noticeable in cultures of all three fungi. F, pinicola exhibited rela- 
tively poor growth on carbohydrate media, especially in the presence of 
pentoses, galactose, and certain other carbohydrates which supported good 
growth of the other two fungi. The least variation in growth of this fungus 
on any series of nutrients was on media varying in kinds of nitrogen, 
where it grew equally well on inorganic nitrogen salts, amino acids, and 
proteins. In a contrasting manner, P. betulinus showed very good growth 
on the variety of carbohydrate media, but grew in varying amounts on the 
different nitrogen and mineral salt nutrients. Production of mycelium by 
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this fungus was especially less in the absence of potassium, phosphates, and 
nitrc^euous compounds containing tryptophane, and in the presence of 
iuoi^anic nitrogen salts and glycine, cystine, and tyrosin which were toxic 
in their effects on growth. These specificities toward nutrients which either 
inhibit or appear essential for good growth of the fungi in laboratory cul- 
tures suggest that a similar specificity may also occur on the widely different 
woody substrates in nature. 

Studies of chemical changes in woods due to decay by fungi have been 
confined largely to soluble extractives, lignin, cellulose, and pentosans. The 
“proximate analysis” of apple wood rotted by Polystictus versicolor indi- 
cated that lignin was not attacked (16). However, Bayliss (3), using 
microchemical methods, and Campbell (4), using more precise analytical 
methods, distinguished P. versicolor from brown-rot fungi by its.delignify- 
ing action on woods. Campbell reported pentoses were removed first, then 
lignin was attacked, and finally, in the presence of increased acidity, cellu- 
lose. The rots produced by Fomes pinicola (11) and Polyporus hetulinus 
(7) were described as brown rots in which relatively more cellulose than 
lignin was removed. 

The majority of brown-rot fungi listed in a recent pathology text (8) 
were reported as occurring on gymnosperms, birches, and alders, and more 
than two-thirds of the white-rot fungi were described as commonly attacking 
angiosperms. Analyses, although incomplete for thorough comparisons of 
nutritive characteristics, show that gymnosperm woods differ markedly in 
chemical composition from angiosperm woods. To exemplify, an analysis 
of the data of Ritter and Fleck (12) and of Sohobgeb (16) showed that 
the angiosperm woods analyzed by them contained among other and even 
greater differences 100 per cent, more pentosan than gymnosperm woods. 
Growth of the conifer fungus, F. pinicola, on pentoses and pentosans in arti- 
ficial media was correspondingly much less than that of the two angiosperm- 
inhabiting fungi on similar media. These observations suggest that both 
quantitative and qualitative differences in nutrients existing among species 
of woods may be of considerable physiological importance to the successful 
growth and reproduction of fungi on woody substrates. 

Since only three species of fungi were studied in these experiments, one 
cannot generalize too freely from the data. It is interesting to note, how- 
ever, the correlation between the oxidation-reduction reactions of the fungi 
and their growth characteristics. P. versicolor, generally recognized as 
readily attacking phenolic compounds such as tannin aqd lignin, and being 
v «7 wide spread in distribution on angiosperm and gymnosperm woods, 
possessed strong oxidases. P. letulmus, however, not extensively attacking 
tATiwiw or lignin, and exhibiting a specificity only for birch woods, possessed 
strong redtlotases and no oxidases; while P. pmicola, which is specific for 
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gymnosperm woods but occasionally is found on certain angiosperms, pos- 
sessed strong redtictases and some oxidases. These data are indicative 
of the importance of respiratory enzymes in the phenomena of specificity 
of fungi for certain substrates which may lack essential respirable nutrients 
or contain toxic substances inhibitive to respiration and growth. 

The differences in nutrition and growth noted herein are considered quite 
suggestive as to the causes of specificity among wood-rotting fungi. Need- 
less to say, this cause is most likely a factor-complex involving physical, 
chemical, and biological characteristics of the substrates and the fungi. It 
was shown that the nature of carbon and nitrogen sources influenced the 
growth of wood-rotting fungi. The absence of certain nutrients or growth 
factors in woods may retard initial development and subsequent assimilative 
growth either entirely or to the extent that the fungus may never form a 
fructification by which the presence of the organism in woods is commonly 
recognized. Antagonistic substances present in woods may similarly affect 
nutrition, respiration, or reproduction. Principal among these antagonistic 
substances inhibitive to growth and studied in this investigation were gluco- 
sides and phenolic compounds. 

Summary 

1. The nutrition of Poly sf ictus versicolor Pr., Fomes pinicola (Pr.) 
Cooke, and Polyporus betulinus Pr. was studied by observing the growth 
of these fungi on artificial media varying qualitatively in nutrients, and on 
nutrient media containing phenolic compounds, aqueous extracts of woods, 
and oxidation-reduction and pH indicators, and on woods. 

2. Certain nutritional characteristics were common to all three species : 

(a) Polysaccharides supported the best growth of mycelium. Pentoses 
generally were not utilized as efficiently as hexoses. No growth occurred 
on lactose. 

(b) Amino and ammonia nitrogen was better utilized than amide, nitrate, 
and nitrite nitrogen. The best growth was observed on proteins containing 
relatively large amounts of glutamic acid and tryptophane. Amino acids 
containing phenyl and disulphide radicals retarded growth. 

(c) Potassium and phosphate salts were essential for optimum growth. 
Phosphate was associated with increased thickness of mycelial mats, and 
potassium with increased linear growth of mycelium, 

(d) Glucosides and phenolic compounds retarded growth, 

(e) Aqueous extracts of white pine and osage orange were especially 
toxic, while those of black and white birch were non-toxic and even ap- 
peared to accelerate growth. Other wood extracts influenced the growth of 
the fungi in varying ways. 

3. P. versicolor invariably grew luxuriant mycelial mats on artificial 
media, and showed only a little selection for kinds of nutrients. It utilized 
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both salicin and saponin as a source of carbohydrate, and was most tolerant 
to the greatest number of aqueous extracts of woods. Growth of P. versi- 
color f like that of P. heiulinus, was relatively poor on inorganic and amino 
nitrogen media* Unlike the other two fungi, its growth was retarded by 
the presence of quinol and tannin. 

4. F, pinicola, in comparison with P. versicolor, formed less abundant 
mycelial mats with a much greater variability on diiferent media. It was 
especially sensitive to differences in the carbohydrates, growing poorest on 
media containing pentoses, pentosans, galactose, and sucrose, while carbo- 
hydrates containing glucose produced in general the best growth. F, pint- 
cola grew relatively well on inorganic nitrogen salts, amino acids, and 
proteins alike. It was inhibited by both saponin and salicin, and, like 
P. betulinus, by guaiacol. Growth on aqueous extracts of woods^was most 
variable, being best on red cedar and birch extracts. 

5. P. betuUnus produced relatively thin and often scanty mycelial mats 
and of all three species showed the greatest variability in growth. It was 
most sensitive to differences in nitrogen sources, only gliadin, Witte’s 
peptone, casein, and gliitenin producing a good growth of mycelium. 
Growth on carbohydrates was like that of P. versicolor, very uniform. Poor 
growth occurred in the absence of the less acidic potassium phosphates, and 
in the presence of guaiacol and saponin. Aqueous extracts of white pine 
and osage orange inhibited growth, those of white oak, red cedar, and bass- 
wood greatly retarded growth, and birch extracts accelerated growth. 

6. P. betulinus grew equally well on heartwoods of sycamore, basswood, 
and birch, on sapwoods of white oak, butternut, and osage orange, and on 
white portions of red cedar wood. P. versicolor differed only in producing 
more luxuriant mycelial masses than the birch fungus. 

7. The presence of a strong oxidase system was recognized in P. versi- 
color by its oxidation of tannin, resorcinol, quinol, ty rosin, and guaiacol. 
Oxidases were very weak in F. pinicola and not detectable in P. beinlinus, 

8. Beductases were especially abundant in F, pinicola and P. betulinvs, but 
apparently weak in P. versicolor, 

9. Possible causes of specificity of these fungi on wood in nature are the 
absence of essential nutrients, and the presence of toxic substances in woods 
which may influence initial development, respiration, or fructification of 
the fungi. 

10. It was possible to distinguish physiologically between these (a) 
gymnospermdnhabiting and angiosperm-inhabiting fungi, (b) white-rot 
producing and brown-rot producing fungi, and (c) fungi specific and those 
not specific for certain woods in nature. 

The writer wishes to express his deep appreciation to Professor W. F. 
Loehwing for many helpful suggestions and criticisms, to Professor O. W. 
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Martin for his kindly counsel, and to Dr. C. A. Bichards, Forest Products 
Laboratory, Madison, Wisconsin, for generously supplying cultures of the 
fungi. 
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MBTHOPS OP SAMPLING VISIBLE RADIATION^ 

Raymond H. Wallace 
(with ten figures) 

Introduction 

There is perhaps no factor in the measurement of light which is more 
essential to the correct evaluation of light records and their correlation 
with various biological phenomena than the method of sampling of this 
radiation. Yet a survey of the literature on the subject discloses that no 
comprehensive tests have been made on the various possible physical arrange- 
ments of the sensitive surfaces of the receiving units and the degree of 
similarity which these various combinations will exhibit when checked by 
simultaneous readings of the same light station. We are all aware that the 
method so commonly used of exposing a single-plane receiving surface in 
one direction gives erratic results. Thus any one that has used any of the 
numerous exposure meters or illuminometers, having a flat surface as the 
receiving unit, knows from experience that a reading may vary from a few 
to perhaps almost 100 per cent, if the receiving unit is tilted a few degrees. 
This indicates a fundamental flaw in the sampling, for the original value 
will be found when the first position is again obtained. It would seem, 
therefore, that we must, if we are to use light records with any degree of 
success, have methods of sampling that make impossible these great fluctu- 
ations in value. 

Aurens (1) working on the light habitats for various regions in Sweden, 
has taken great care to insure that the sampling method used checks per- 
fectly with the method in use by the weather bureau for their determinations 
of total radiation. In his test the photocell is mounted in a chamber having 
a single round window in the top to admit the light to be measured. This 
window is fitted with a piece of opal glass which is ground on both sides to 
insure that the optics of the arrangement obey Lambert’s cosine law. This 
unit is, of course, mounted horizontally in accordance with weather bureau 
practice. His method can be said, therefore, to duplicate the weather bureau 
practice with an instrument intended to measure visible radiation for use in 
work on silviculture and ecology. Apparently no tests were made to deter- 
mine the suitability or dependability of this method for work of this type. 
It is obvious that a method which may be perfectly adapted to determina- 
tions of solar constants and other highly specialized factors of interest to 
those in meteorology may be quite unsuited for ecological or physiological 
studies. 

1 This paper was presented before the symposium on the measurement of light, held 
under the auspices of the New England Section of the American Society of Plant Physi- 
ologists at Connecticut State College, May 8 and 9, 1936, 
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The possible lack of suitability of radiation records of this type as applied 
to silvical research has been recognized by Gast (2) in his studies on the 
effect of total radiation on the growth of pine. He states as follows : “Fur- 
ther, in. order to give a time record it (the receiving unit) must integrate 
the rays coming from all directions at normal incidence. “ In attempts to 
attain this condition Gast has designed and constructed four types of radi- 
ometers made up of different combinations of spherical junction thermo- 
couples. His best type, type D, integrates the radiation with an accuracy 
of ±: 9 per cent, for angles of incidence from 5® to 80®. For the entire 
range from 0® to 90° the values are as follows : For 90® the relative sensi- 
sitivity is 74 ; for 60®, 78 ; for 30®, 86 ; for 10®, 94 ; for 5®, 95 ; and for 0®, 100. 

It is in response to this need of more definite data than are nov available 
on methods of sampling that the series of tests reported in this paper were 
made. I shall limit myself in the present paper to sampling of radiation 
from a light station which is unobstructed by surrounding objects and there- 
fore has the horizon for the limit. The data will, however, be for all types 
of weather from days on which no clouds were in the sky to days that were 
completely overcast. 

Materials and methods 

Discontinuous hand readings are of little value in studying a problem of 
this sort. It was necessary therefore to obtain continuous simultaneous 
records from the different types of sampling units, and to check one against 
the other for accuracy. 

An entirely new recording potentiometer of the duplex type was con- 
structed for the work. The instrument was similar in many respects to the 
one exhibited at Pittsburgh in 1934 and identical to the one exhibited at St. 
Louis in 1935, except that the new instrument was a double one with two 
completely separate though identical recorders built into one cabinet and 
writing their respective records on one drum. Full details and instructions 
for the building and operation of this instrument can be found in the pre- 
ceding issue of this journal (Wallace, 3). Suffice it to say here, however, 
that this instrument is ideally adapted to the recording of light, due to several 
specific characteristics. 

In the first place the bridge adjustment is practically universal, in that 
any millivoltage from 30 to 1500 can be obtained by the turn of a dial. This 
enables one to set up any given light intensity so that it will occupy the entire 
recording drum or any portion thereof. Also there is a universal control of 
the zero point of the bridge, so that one can place it at any point between the 
two ends of the drum. Therefore, when one uses a duplex recorder of this 
type, he can set up any two photounits for equal centimeter deflection irre- 
spective of the actual millivoltage outputs of the units themselves. Also 
because of the zero adjustment he can set the two units so that their base lines 
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coincide on the drum, or place them 1 cm. apart or in any other combination 
that may be desirable. All curves given in this paper were obtained on this 
instrument. 

Most of the data given below were obtained during the period from April 
16 to May 6, 1936. The light station for all of the tests was two adjacent ven- 
tilators 4 feet high located about 15 feet apart on the roof of the laboratory. 
This position completely avoided shading of the photounits at any time. No 
adjustment whatever, except in figure 5, was made during the progress of a 
test. All tests on each combination of photounits were run for at least three 
days in succession, or until the type of curve could be predicted. All figures 
given in this paper are unretouched photographs of the records themselves. 
No actual foot-candle values for the curves are given, since it was felt that 
one is chiefly interested in the exact comparative values shown by the two 
units and that it was best not to complicate it. 

The photocells used throughout these tests were the Weston photronic. 
The photocells were never exposed to the direct rays of the sun except on the 
occasions mentioned in the paper. As will be seen below, it is very necessary 
to take this precaution to avoid damage to the cells. The spheres mentioned 
in the paper were the common type of opalescent shades obtainable at any 
good electrical store and had transmission factors of 48 and 52 per cent, 
respectively. Two sizes were used, the small 8-inch size for the one-celled 
photounits, and the 12-inch size for the multiple-celled photounits.* 

All photocell units were attached to rubber-covered wires which led down 
over the roof to the laboratory below where the recorder was in operation. 
Bach photounit was likewise drained with a 10-ohm resistance placed directly 
across the lead wires at the imput terminals of the recorder. This was to 
insure linearity between the current output of the cells and the light inten- 
sity. 

The usual method of setting up the instrument for the different combina- 
tions was as follows. If possible each new series involving a new photounit 
combination was begun about noontime on a clear day. This enabled one to 
set the two units for identical centimeter deflection on the recorder drum. 
Setting up units for the first time in the evening or morning is simply guess- 
work and almost invariably results in lost time. If, however, they are set for 
equal deflection at normal or almost normal incidence at noontime, not 
uncommonly the records for the first day are just as perfect as any subse- 
quent ones. 

2 The spheres can be the size best suited to your convenience since the sampling of 
radiation is independent of the size of the sphere used. Thus a series of determinations 
of a certain light intensity with one photocell under spheres of 5, 6, 7, 8, 10, and 12 inches 
respectively gave identical values when one corrected for the difference in transmission of 
the different spheres. The globes must be the white opalescent type and not those made 
of ground glass. One of the latter type was tested and found to give an error of 500 per 
cent, in the same test (series 7 below) in which the opal sphere gave a 5 per cent, error. 
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The setting of the zeros was adapted to the test series being run. It was 
sometimes not possible to forecast just which zero combination would best 
show the agreement or lack of agreement of the different photounit combinar 
tions. It was necessary therefore in these cases to set up the more desirable 
zero combination after one day ’s record was obtained. The zero combination 
found to be best suited to most of the photounit combinations was that in 
which one zero was at the very base of the drum and the other 1 cm. above it. 
It must also be remembered that the time axis for the two curves is not the 
same. The upper curve is always 5 minutes behind the lower curve. One 
must bear this in mind, since the exact centimeter deflection of any point on 
a record is the vertical distance of that point above the zero line for that 
curve. For most purposes, however, the distance between the i^ame points 
of the two similar curves will give the agreement or lack of agreement 
between the two curves with sufficient accuracy. 

Experimentation 

Types of photocell combinations 

The more significant physical arrangements or orientations of the sensi- 
tive surfaces of the photocell were tested in these experiments. The ideal 
shape of the sensitive surface, if perfect sampling of radiation is to be ob- 
tained, would seem to be that of a sphere. This unit would sample the radia- 
tion falling on a point, and consequently be independent of angle. How- 
ever, at the present time there are no photocells made with spherical receiv- 
ing surfaces and possibly there may never be because of physical diflBculties 
involved, and consequently this ideal cannot be reached. 

The next most perfect sampling device would seem to be a unit in which 
a great number of sensitive surfaces of equal value and size would face in 
all possible directions. This condition is likewise very difficult or impossible 
to attain. 

Type A. — A compromise was made with these conditions in the following 
experiments by placing a photocell on each of the six sides of a wooden cube 
and supporting this on short wire legs so that the center of the wooden cube 
was about 6 inches above a base support. A spherical shade, 1 foot in diame- 
ter, was then placed over the unit so that the center of this globe and the cen- 
ter of the photounit built around the wooden cube would coincide. We have 
in this combination a six-^faced-sampling unit in the center of a large inte- 
grating sphere. Physically this unit should very adequately integrate the 
light falling on a point, since its sensitive surfaces face in all directions and 
the integrating sphere will tend to equalize the light and reduce errors due 
to unequal sensitivity of the individual photocells. The same unit without 
the integmiing sphere was tested later and found to be quite inferior to the 
unit with the sphere, as described below. This six-celled unit under the inte- 
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Fig. 1. Schematic diagram showing the arrangement of the different types of photo- 
units : A. Six photocells fastened to the six sides of a cube and thus facing the four cardi- 
nal points, xenith, and downward, and enclosed under an integrating sphere; B, One 
photocell facing up from the base of an integrating sphere; C. One photocell facing up 
from the middle of an integrating sphere; D. One photocell facing downward from the 
top of an integrating sphere toward a reflecting surface in its base ; B. A six-celled photo 
unit similar to A, except used with no sphere; P..A one-celled unit similar to B, except 
used without a sphere. 

grating sphere is the one against which all other combinations were checked 
(fig.l,A). 

Type B. — second type of photounit consisted of a single photocell fac- 
ing up from the base of an opal diffusing-sphere. The sampling character- 
istics of this unit will be determined almost completely by the integrating 
characteristics of the globe itself, that is, the accuracy of the physical sum- 
mation of the radiation falling on a point (fig. 1, B). 

Type C. — third type was a single photocell facing up from the center 
of an opal diffusing sphere. The sampling characteristics of this combina- 
tion will depend to some extent on the photocell being up in the center of the 
sphere instead of at the base of the sphere, but to a greater extent in the inte- 
grating properties of the sphere itself (fig. 1, C). 

Type D. — A fourth type consisted of one photocell fastened in the top of 
a sphere and facing downward toward a white, reflecting surface in the base 
of the sphere (fig. 1, D). 

Type E. — ^A fifth type was the six-celled unit mentioned as type A but 
used without an integrating sphere, so that the cells were exposed to the 
direct rays of the sun (fig. 1, E). 

Type P. — A sixth type consisted of one photocell mounted horizontally 
and facing the zenith and not covered by a diffusing sphere. This is the 
method commonly used by the Weather Bureau for sampling total radiation 
by means of pyrheliometers (fig. 1, F). 

Experiments on photounit types 

A series of tests was run for each of the types of photounits given above, 
and on certain other factors that affect the accuracy of sampling. As men- 
tioned above, the light stations used in the tests can be considered as identi- 
cal. I shall now survey the results of these tests. 

Series 1. Can identical records be obtained. — The experiments of 
series 1 were designed to test all factors entering into the sampling of 
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light; the adequacy of the recorder, the freedom from stray electrical 
pick-ups, the use of identical photounits, the shape of the integrating 
shade, and any other factors which might prevent identical curves be- 
ing obtained from what seemed to be identical sets of conditions. It was 
felt that identical records from two entirely independent but identical photo- 
units, measuring the same light station at the same time on two entirely sepa- 
rate electrical circuits, connected to two entirely separate recording mecha- 
nisms writing on the same drum, would indicate that all factors entering into 
the tests were satisfactorily controlled. 

This experiment was first run with type B photounits — that is, one photo- 
cell mounted in the base of each shade and facing zenith (fig. 1, B). The 
shades used were, however, not spheres as was originally planned since they 
were not available at the moment. Two other opalescent shades such as are 
shown in figure 2, A were substituted temporarily. The units were mounted 



Fig. 2. Becords for April 9, 1936, showing the effect of shape of integrating shade 
on the sampling of light. A. Shape of shade used; B. Curve for unit number one tilted 15 
degrees to the east; 0. Curve for unit number two tilted 15 degrees to the west. See text 
for further description. 

on the ventilators and the bridges of the recorder set for equal centimeter 
defiections from zeros 1 cm, apart. 

At the end of 3 days it was obvious that the two units were not sampling 
alike. Nevertheless, the discrepancy between the two records was consistent 
and duplicated each day so that it was possible to predict what the disagree- 
ment would be. After examining the duplicate records for a 3-day period 
it seemed obvious to me that the shade on unit number one was tilted to the 
east. Investigation revealed that not only was the shade on unit number one 
tilted 15® to the east but also that the shade on unit number two was tilted 
15® to the west. The actual relationship of the two curves for the third day 
of the test shown in figure 2. It will be noted that the two curves tend to 
diverge during the forenoon, run along fairly well together during the mid- 
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day period, and converge during the afternoon. Reference to figure 2, A, 
showing the straight-sided shades used as integrating units, will show that 
if unit one is tilted to the east and unit two tilted to the west the discrepancy 
found between the two curves in figure 2 would occur. 

It is obvious from these results that it is not safe to use diffusing shades 
that are other than spherical in shape. The variation that showed up here, 
due to the two units not being level, proves there is unequal sampling of the 
light. Subsequent tests have shown, on the other hand, that little or no care 
need be exercised, even to the leveling of photounits, under spherical shades. 

The test was repeated the following day with spherical shades. The 
curves obtained are shown in figure 3. It is almost impossible to find devia- 



Fio. 3. Becords for April 10, showing identical curves when spherical integrating 
shades were substituted for the type A of figure 2. 

tions on the extreme points of more than 1 or 2 per cent., while the major 
portion of the curves is identical. It seems obvious from these data that the 
factor that had prevented identical curves in figure 2 is the type of shade 
used. One can answer therefore that identical records can be obtained from 
two identical photounits under the set of experimental conditions mentioned 
above. We are ready, therefore, to test the actual differences between the 
sampling from different types of photounits. 

Series 2. Six-celled unit vs . one-celled unit, type B, both under 
DIFFUSING spheres. — This series of experiments was run to test type A photo- 
unit — ^the six-celled photounit with one cell facing each of the four cardinal 
points, zenith, and downward, against type B photounit — a single cell at the 
base of a sphere facing up. Figure 4 shows the curves from this combination 
of photounits. The upper curve is the six-celled unit, the lower one the one- 
celled unit. The zero for the six-celled unit curve is 1 cm. above that for the 
one-celled unit. It will be noted that during the later forenoon there is a 
period of about two hours with full sun (smooth part of the curve) , followed 
by another two-hour period during which the light intensity is considerably 
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sampling of light. The upper curve, the type A or six-celled unit ; the lower curve, type B 
or one-celled unit. Light conditions variable from heavy fog in the early forencon to full 
sunshine just before noon, and variable light and cloud for the afternoon. 

greater than that for the preceding period of full sun with no clouds. This 
increase of light intensity above that for full sun with no clouds is very com- 
mon when there are large white clouds, and often appears on the records as 
close-spaced vertical lines such as are observed here. For the next 4 or 5 hours 
the sky was heavily overcast with no direct sun at all, followed by two periods 
when the sun again broke through for a short time to be followed by another 
period of completely overcast sky until dark. It is not necessary to interpret 
which curve is correct since the curves are almost identical. The maximum 
error of the extremes is about 5 per cent., while the major portion of the two 
curves is identical. 

In figure 5 are shown the same two units on a very heavily overcast day. 
In this case the zero for the two curves is the same base line and the curves 
show up as parallel tracings with the curve for the six-celled unit 5 minutes 
back of that of the one-celled unit. The two curves do not agree well during 



Pin. 5. Becorjds for May 4, showing the sampling from the same combination as in 
figure 4, on a very heavily overcast, foggy day with no direct sun at all. The six-celled 
unit is the one lagging back of the other curve. The two units were set for equal ampli- 
tudes at point a; the lack of agreement prior to this point should therefore be ignored. 
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a part of the forenoon owing to the two units being set for unequal ampli- 
tudes. These were set equal at point a, and the agreement from here on is 
very close indeed. 

The light conditions covered in figures 4 and 5 are for all extremes from 
full sunlight, through the marked fluctuations characteristic of alternate sun 
and shade with large white clouds, on to very heavily overcast sky with no 
sun at all. Throughout this great range of conditions the sampling of the 
two units is practically identical, the variations of the extremes being no 
more than 5 per cent. It would seem therefore that for all purposes, except 
those necessitating extreme accuracy, a type B photounit consisting of a sin- 
gle photocell facing up from the base of a sphere is just as adequate as the 
six-celled unit. This is very fortunate because the multiple-celled unit is 
very awkward to carry and difficult to use under field conditions where there 
is brush or other obstruction. 

Series 3. Six-oelled unit vs. one-celled unit, type C, both under 
SPHERES. — The difference between this series and the one just preceding is that 
in this case the one-celled unit is of type C, in which the single cell is placed 
up in the middle of the diffusing sphere facing upward, instead of in the base 
of the sphere facing up. The agreement between the two curves was good 
but somewhat inferior to that found in series 2 above. The maximum error 
of the extremes being about 15 per cent, as compared to the 5 per cent, in the 
other case. There is really no advantage whatever in this combination over 
the one cell in the base of the sphere facing up, so no further consideration 
was given it. 

Series 4. Six-celled unit vs. one-celled unit, type D, both under dif- 
fusing SPHERES. — In this series the one-celled unit was type D with the one-cell 



‘Fiq. 6. Kecords for April 22, showing the sampling characteristics of type A photo 
unit and type D unit, the one cell in the top of a sphere facing downward. Upper curve, 
the six-celled unit; the lower curve, the one-celled unit. The day was completely clear 
except for a few small clouds just before noon. The two rather conspicuous dips in the 
curves just prior to the period of small clouds were due to a high haze, scarcely visible 
to the eye, which passed over at that time. This haze was quite visible when viewed 
with amber glasses. 
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fastened in the top of the sphere facing a reflecting surface in the base of the 
sphere. This combination gives a fairly good agreement for the early fore- 
noon and the late afternoon as can be seen in figure 6. Then there is a period 
during both the forenoon and the afternoon when the curve (the one with the 
lower base line) goes about 15 per cent, too high. This can be readily seen in 
figure 6 if one raises the lower curve up so its base line coincides with the 
base line for the six-celled unit. This period of excessive height gradually 
gives way to normal and then becomes lower and lower and reaches its point 
of maximum divergence from the six-celled-unit curve at noon. The curve, 
in other words, is badly sway-backed'’ during the middle of the day. 

This is just the type of curve that would be expected from type 4 unit 
as can be easily seen by examining figure 1, D. During the early forenoon 
and late afternoon when the sun is not high a greater amount of the light 
hitting the sphere will reach the photocell. Then during the middle of the 
day the maximum light will be hitting that portion of the diffusing sphere 
against which the back of the photocell is mounted. This blind spot will 
naturally cause the curve to be low for that period. All subsequent tests 
have shown this fundamental defect in the curves for this unit. This type 
D unit is not to be recommended. 

Series 5. Six-CELiiED unit under sphere vs, one-celled unit, type F, 
WITHOUT DIFFUSING SPHERE. — This method of exposing the sensitive vsurf ace of 
the receiving unit horizontally to and unprotected from the direct rays of the 
sun is the standard method in use by the Weather Bureau for the determina- 
tion of total radiation by means of pyrheliometers. It is theoretically pos- 
sible for one to correct such records for normal incidence of the sun, that is, 
right angle or noonday incidence. One can do so, however, only when optical 
conditions are perfect, for only then does Lambert's cosine law apply. With 
the photocells this condition is only approximated, the disagreement being 
as much as 30 per cent, for low angles of incidence according to the technical 
data given by Weston for their cells. 

Figure 7 shows the type of agreement between these two methods of 
sampling. It will be noted that the two curves are set on the same base line 
and have equal deflection at midday. During the forenoon the records show 
alternate sun and clouds and very poor agreement between the curves. 
There is a general tendency for the lower curve of the horizontally exposed 
cell to follow the cosine law but there are marked variations from it as will 
be noted by comparing points a and and other pairs of points in the 
same general region. Then the two curves approach each other rather 
closely at b. It is to be observed here, however, that the amplitude of the 
change of the six-celled curve at h is much less than it is for the uncovered 
eelL In^the region of point c the situation is worse, since the curves now 
cross each other. At d the six-celled unit curve rises strongly while no such 
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Fig. 7. Eecords for April 27, showing the sampling by type A unit and type F unit. 
The latter type is a photocell mounted horizontally and exposed directly to the rays of the 
sun. The upper curve, the six-celled unit; the lower curve, the one-celled unit. The 
forenoon was alternate light and cloud ; the midday period slightly cloudy ; and the after- 
noon almost completely clear. For further details see the text. 

rise is evidenced by the curve for the other unit. The extreme situation is 
reached, however, at point e where the two curves are actually mirror images 
of each other. In the afternoon period, which was entirely clear except for 
a few scattered clouds, the true divergence of the two curves is plainly shown. 
It will be noted even here, however, in the region of f that light changes may 
be picked up by the six-celled unit which have little or no effect on the other 
unit. 

Is it possible to correct the single-celled unit record to that for the six- 
celled unit with any degree of accuracy? Theoretically this can be done, as 
has been mentioned. That is, if there had been no clouds or haze at all dur- 
ing the afternoon and if the photocell obeyed the cosine law exactly, the cor- 
rection would raise the lower curve up to match the upper curve. Since, 
however, there were clouds and also since the photocell obeys the cosine law 
only fairly well, such a correction is of little value. Moreover corrections for 
the horizontally mounted cell involve laborious calculations before the records 
can be used. 

Much more important, however, than the failure of the photocell to obey 
the cosine law, or the work involved in the correction of the curves, is the 
fact that the six-celled unit and the horizontally mounted naked unit do not 
sample radiation alike even during midday when sun incidence is normal. 
This indicates a fundamental defect for which there is no correction. Refer- 
ing again to points b, c, d, and e, it will be recalled that all possible combina- 
tions from difference in amplitude for a given light variation to a complete 
reversal or mirror image for the two curves is shown. This midday dis- 
crepancy is due to the presence of large white clouds. It has already been 
mentioned that very frequently large white clouds will increase the light 
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intensity far above that for a perfectly clear day. These clouds, depending 
upon their position in the sky, may affect the two sampling units differently. 
If they are in a low-lying bank they will record in full on the six-celled unit 
and yet may fail to register at all on the horizontally mounted unit. This 
has often been observed in such instances as that indicated by points b, c, d, 
and e. Again, one large cloud passing between the unit and the sun must 
affect the naked cell very strongly but may not greatly affect the other unit. 
In case the rest of the sky is free of clouds, the drop in the curves for the 
two records may be quite similar, but in case several other highly reflecting 
clouds are along the horizon then this record may show no drop at all since 
points of higher intensity counteract points of lower intensity. This physi- 
cal situation can be well illustrated by the contrast in sharpness of shadows 
on a perfectly clear day with the same shadows on a day with whitediaze and 
highly reflecting clouds. The shadows in the latter case are much less dense 
due to the reduced relative importance of the direct rays of the sun. If then 
one is to apply Lambert’s cosine law with any degree of accuracy to records 
of this sort, he must correct not only for the direct rays of the sun but also 
know the angle, duration, and intensity effects given by each cloud of im- 
portance in the sky and correct for them. This is, of course, impossible and 
it is just as impossible to unscramble records of this type. 

Another point that must be brought out is that when the day is overcast 
enough it is immaterial whether integrating spheres are used or not. Thus 



Pig. 8. Becords giving a summary of the sampling by type A and type P units as 
idiQwn on three successive days. 1, Becords for the afternoon of April 28, showing the 
divergmice of the two curves as expected from the cosine law on a perfectly clear after- 
noon. II. Becords for the forenoon of the day following, AprU 29, showing the agree- 
ment between type A sampling and type B. Type P was converted into type B merely by 
placing the sphere over it. III. Becords for the forenoon of the following day, showing 
the sampling for type A and type D units. Part of this forenoon was heavily overcast, 
so the two units sample Almost exactly alike (the two units are not set for identical ampli- 
tudes whicli causes the curves to drift apart, but this does not count. When, however, 
the along the flat part of the curve later, the sampling is similar 

to that khown JE h, o, d, and e of figure 7. 
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in 111 of figure 8, we have the six-celled unit with its sphere and the hori- 
zontally mounted single cell with none. This pair of records has been 
plotted on the same base line but unfortunately were not set for equal ampli- 
tudes. If one allows for this difference in setting then the very close agree- 
ment between the two units becomes obvious. The uniformly overcast sky 
has now become the integrating unit and consequently the records agree. 
Notice how quickly, however, discrepancies appear when the sun breaks 
through at the top of the curves ; the same situation as that along points h, 
c, d, and e of figure 7. 

Another interesting point is presented in figure 8, I, which shows the 
typical curves for the naked photocell and the six-celled covered unit on a 
clear afternoon. Then figure 8, II, shows exactly the same conditions for 
the next forenoon, except that both units are now covered. The addition of 
the sphere brings the two units into perfect agreement on sampling, in the 
same manner as shown earlier in text figures 4 and 5. 

Series 6. Six-celled unit without integrating sphere, type E vs, 
ONE-CELLED UNIT WITH SPHERE. — In this Combination, the situation was just 
reversed from that in the preceding test. The one-celled unit was now under 
an integrating sphere while the six-celled unit was not. In this combination 
the agreement is fair but the variations were as much as 15 per cent. This 
discrepancy is undoubtedly due, in great part, to the unequal sensitivity of 
the six photocells. That is, in case the strongest radiation is coming from 
the direction where the most sensitive cell intercepts it the curve will be high 
or vice versa in case a weak cell is in that position. Also the sampling of 
each passing cloud will be too high or too low depending on the photocell 
intercepting the light. The integrating sphere would have smoothed out 
most of this. In this combination also the curves become identical when the 
sky is heavily^ overcast. Another serious objection to this combination is the 
probable damage to the cells from exposure. This latter point is taken up 
in greater detail below. 

Series 7. Physical characteristics of piiotounits A and B. — ^After 
the experiments reported above were complete, it seemed desirable to de- 
termine the physical characteristics of the two most dependable types of 
units. The six-celled unit (A) and the one-celled unit (B) were there- 
fore tested in the darkroom. One of these tests was to place the unit on a 
turntable at a given distance from a 1000-watt Mazda bulb and make a read- 
ing. The table was then turned 90° and the next quarter tested and so on 
until all four were compared. The unit was then placed on a tilting device 
that enabled one to expose the unit to light from any angle without modify- 
ing the distance from the light. 

In table I are given the data for the six-celled unit. The first set of tests 
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TABLE I 

Physical chabactbristics of type A photounit* 


CELL NO. 

Beadino when facing light 

Without sphere 

With sphere 

1 

89.0 

94.8 

2 

89.1 

94.8 

3 

95.6 

97.4 

4 

100.0 

100.0 

5 

89.0 

97.0 


* The unit was revolved around its vertical axis to give the readings for cells 1, 2, 3, 
and 4 and turned on its side for cell 5 which was the cell that normally faced up. All cells 
are expressed in terms of the strongest one, number 4. 


was made without the integrating shade. It will be observed that when the 
successive cells faced the light the readings differed, owing to the unequal 
sensitivity of the cells. When the shade was put on these, differences in 
sensitivity dropped to about one-half their former value owing to the inte- 
gration of the globe. When the unit was tilted the reading obtained with 
cell 5 facing the light was about the average given for the four preceding 
cells. This is what would be expected from the combination. The type A 
photounit is shown by these data to have an error of about 5 per cent, when 
predominantly unilateral light is directed in succession toward the four 
photocells. This variation is only half as great as that for the four photo- 
cells exposed without the sphere. With matched cells this error should 
disappear. 

When the unit with a single cell facing up from the base of a sphere was 
revolved about its vertical axis no variation of more than 0.1 per cent, was 
found. When the same unit was tilted through an angle of 180°, 10 feet in 
front of a 1000-watt Mazda bulb the maximum variation found was 5 per 
cent. On closer testing this variation was found to occur only when the 
angle of incidence was 18° or less. In other words, after the unit was tilted 
18° toward the source of light the reading would remain constant for the 
rest of the 144° arc, or until within 18° of complete inversion of the unit. 
Even within the 18° angle where the variation occurred the error was merely 
progressive, first showing up at 18° and reaching 5 per cent, at 0°. This 
18° portion would represent approximately 1 hour at sunrise and 1 hour at 
sunset when the record might show as much as a 5 per cent, error. For the 
rest of the day, no error of consequence would occur. This sampling would 
seem to be adequate for all except the most exacting problems. 

DEPXNnABiLiTT OF PHOTOCELLS. — ^During the progress of these 
studies points of importance to those working with photocells were 
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encountered. The first and perhaps the most important is the detrimental 
effect of direct sunlight on the Weston cell. This trouble first appeared in 
some further tests of type E photounit in which the cell is eiqiosed directly to 
the full rays of the sun. This cell after several days of hot clear weather be- 
came completely erratic. Within a few minutes after it had even been set for 
equal deflection with the other unit it would be off-scale or have dropped to 
half of its former value. It was reset seven times in a period of 4 hours in 
an unsuccessful attempt to keep it on scale. It was then allowed to run for 
several days, set for only a small part of the full scale of the bridge. It 
immediately showed the following effects. During the early morning and 
late evening it usually gave a curve which agreed very well with the other 
unit but just as soon as the temperature reached a certain value the curve 
became erratic. The cell was then laid aside as being defective. 

The next appearance of this trouble was during the last days that series 
6, described above, was run. In this series the six-celled unit was tested 
without the diffusing sphere. At first good agreement in curves between this 
unit and the unit under the sphere was obtained, but suddenly the six-celled 
unit became very erratic. The results are shown in figure 9. The upper 



Fig. 9. Becords for May 16, showing defective sampling by type A, the lower curve, 
as against type B the upper curve. These two types had always given agreement before. 
The type A unit had, however, been exposed for several days directly to the rays of the 
sun without the protecting sphere. It was possible from this curve to forecast that the 
photocell facing east had been badly damaged. See text for full description. 

curve is for unit B and the lower for unit A. It will be observed tbat the 
two units start off in the early morning with very close agreement between 
the curves. But, as mentioned above, the curve suddenly becomes erratic 
when a certain light or temperature level is reached. The curve then slowly 
climbs and, as other cells of the unit receive the light, finally reaches the 
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value it should about noon. For the rest of the day (not shown in the 
figure) the curves agreed quite closely. 

On the basis of this it was obvious that something was wrong with the 
photocell facing east and possibly the one facing south, but that the ones 
facing zenith and west were all right. The unit was removed from the roof 
and taken into the darkroom for recalibration of the individual photocells. 
This check-up, on May 28, was almost exactly one month later than the last 
calibration of the cells, on April 27. The results of this check-up are shown 
in table II. The cell facing east had dropped to 17.3 per cent, of its April 

TABLE II 

Calibration op photocells* 


Date 



Number of cell 


* 

1 

(East) 

2 

(South) 

3 

(North) 

4 

(West) 

5 

(Zenith) 

6 

(Down) 

April 27 

100.0 

85.7 

100.0 

80.0 

80.0 

80.0 

May 28 

May 28 

17.3 

41.7 

80.0 

80.0 

80.0 

80.0 

Cells wedged 

300.0 1 

85.0 

100.0 

1 

unchanged 

unchanged 

unchanged 


* Sensitivity expressed in terms of cell 1 as 100. 


27 value. The one facing south had dropped to 41.7 per cent. The one 
facing north was 80 per cent, and the remaining three were apparently nor- 
mal. The method of checking these values was to expose the cells in succes- 
sion to a 1000-watt bulb at a distance of about 18 inches, which gave about 
1000 foot-candles. It was then assumed that those cells retaining their rela- 
tive sensitivity were unchanged. Subsequent tests have borne out these 
assumptions. If the tests are run rapidly to compensate for voltage fluctua- 
tions and repeated several times, the results are accurate to within 5 per cent., 
which is adequate for comparisons of this sort. 

When it was found that one cell had dropped to 17.3 per cent., in terms 
of the value of the three unchanged cells, it seemed reasonable that the trouble 
might be due to loose contacts within the cell case since the glass face itself 
was quite loose. To test this three small match-stem wedges were slipped 
between the glass face and the composition case. The cell immediately came 
back to full calibration value and remained there (table II) . The same pro- 
cedure on the other two cells that were defective brought them back to full 
value. Similar treatment of the three normal cells failed to change their 
sensitivities. 

It was now obvious that something was defective in the contact system 
within the ease. The poorest cell was then placed on its back in a crucible 
full of acetone for an hour to dissolve the cement and allow the back to un- 
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screw. These cells are made up of a metal disc on one side of which a metal- 
lic material is deposited. The back of the disc is one electrode and the front 
the other. On the front of the cell between the glass face and the face of the 
disc is the front collector or electrode-ring contact. The fingers of this ring 
are visible around the edge of the face. Another ring just like this one fits 
against the back of the photocell disc. The composition back is supposed to 
screw down and hold these two rings in contact with the disc. The rings 
are, however, very thin and have, at most, not more than 0.5 mm. to allow 
for c6ntraction and expansion. Apparently when the cell is exposed directly 
to the rays of the sun the case is stretched by the pressure developed by the 
heat and on cooling part of the stretch remains. As a result the cells may 
become erratic on exposure to the sun. 

It seemed reasonable that if suitable constant-pressure springs were util- 
ized to maintain the electrode contacts, these defective cells might be fixed. 
To accomplish this a small hole was drilled in the exact center of the screw- 
back of the cell. A clock spring was cut into short lengths, two of which 
were fitted at right angles across each other with a hole drilled in the middle 
of them.^ These were mounted on the screw-back with a small bolt. A thin 
bakelite disc, the diameter of the photocell disc, was placed against the back 
electrode ring for the springs mechanism to push against. This disc was 
necessary to avoid damage to the photocell. Part of the flange of the screw- 
back which was formerly supposed to hold the electrodes in place was cut 
off to give room for the spring legs to work. The unit was assembled by 
screwing the back in as usual. The first cell (the one that had dropped to 
17 per cent, normal) worked perfectly so the two other defective ones were 
fixed. The three then had the same sensitivities that they had on April 27. 
The other three normal cells were now rebuilt with like results. If changes 
in sensitivity occurred they are less than 5 per cent, and cannot be detected 
with the test method used. These six cells have now been in use for more 
than two months and have shown complete dependability. I have, so far, 
found no evidence that these particular Weston photocell discs were damaged 
by the direct exposure to the sun that they received. I am able to report, 
however, that certain electrocells, tested in conjunction with G. I. Gunness 
of Massachusetts State College, have shown that excessive exposure to sun 
has damaged the photocell discs. It seems highly inadvisable therefore to 
expose cells of this type to direct sunlight. 

Through the courtesy of B. E. Gilbert of Rhode Island State College, 
I am able to report the results of tests, similar to those on dependability given 
above, which were nin on some of his photocells. After finding the defective 
cells in my own unit I thought it would be interesting to run a like test on his 

« These springs must not exert more than about a pound pressure for otherwise they 
may short the photocell disc. 
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multiple-celled photounit. These cells had never been exposed to direct sun- 
light. When the five cells were tested, however, one was found to be only 
25 per cent, as strong as the other four. When it was wedged, it became the 
best cell of the five in the unit. Also one of the large Weston illuminometers 
used in the same laboratory increased its reading from 940 foot-candles for 
this same light to 1500 foot-candles. This occurred in response to pushing 
the glass face of the cell back and forth several times. No subsequent wedg- 
ing or moving of the face would change the reading in the least. This latter 
effect has been observed very often during the progress of these studies. 
Perhaps this may be due to some oxidation which reduces the efficiency of 
the electrode contacts. There are other photocells of the voltaic type which 
seem to have few if any of the mechanical weaknesses which have been de- 
scribed above. One of these, an electrocell, has received more 4:han two 
months’ exposure under a sphere and has maintained perfect stability. 

In one case, during these experiments, lightning struck nearby and burned 
out a Weston photocell. On examination, a tiny pit, about ^ mm. across and 
about the same depth was observed on the face of the photocell disc. The 
surface of the disc was explored by laying the disc on one copper wire and 
touching a moistened wire to various points on the face. The pit already 
mentioned was the dead spot. A tiny bit of wax (half beeswax and half 
rosin) was put on the pit and a tiny bit of paper pushed down against it. 
The cell now functions perfectly and its calibration seems unchanged. 

Integration of light records for various foot-candle levels 

In view of the interest shown in a suggestion I made at the symposium 
I shall elaborate somewhat and give a figure to make the suggestion more 
concise and clear. It would seem from the data already available on the 
light intensities required for various processes, especially pliotosynthesis, 
that different species have different optima. If, then, one is working with 
a plant that reaches its maximum rate of photosynthesis at the 2000-fo()t- 



Pio. le. Beoord for August 15, 1935, showing a method of integrating light records 
at vatlouA f6ot«candle levelB for processes not requiring full sunlight intensity for their 
maximiim rate. For full description see text. 
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candle level, then those portions of the light record lying above that level act 
only to obscure the true relationships. Might it therefore not be of value 
to integrate the records for various levels and give each investigator those 
values adapted to his needs ? 

In figure 10 is shown an ordinary record for Storrs, Connecticut, on 
August 15, 1935. It is calibrated in 1000-foot-candle levels. At the left 
of the figure are shown the integrated values obtained with a planimeter for 
these various plateaus. I have designated the first one as 13.8 f.c.h. 
This would read 13.8 foot-candle-hours of light below 1000-foot-candle level. 
The second level would be 25.6 Mg f.c.h. or 25.6 foot-candle-hours below the 
2000-foot-candle level, etc. It will be noted that each level is a complete 
summation of the total light quantity to that level so that finally when the 
level of maximum intensity for the day is reached the figure automatically 
becomes the total light quantity for the day. Thus the top plateau can be 
read at 80.5 Mg f.c.h. or as 80.5 times M (1000) or 80,500 foot-candle-hours. 

Summary 

1. A comprehensive series of experiments on various physical arrange- 
ments of the sensitive surfaces of photocells were run to determine the com- 
binations which gave the most perfect sampling of light. These different 
sampling devices were connected to a duplex recorder so that the sampling 
of the units was recorded as continuous, simultaneous curves of the same 
light station on the one-recorder drum. 

2. Six types of photounits were tested. Of these the two found to have 
the least error in sampling were a six-celled unit in which a photocell was 
fastened on each of the six sides of a cube and the whole enclosed beneath a 
spherical integrating shade of opal glass, and a one-celled unit in which one 
photocell was placed in the base of an integrating sphere facing up. There 
was no significant difference between the sampling of these two units, but 
certain other considerations would indicate that the one-celled unit may be 
preferable. 

3. The determination of visible radiation by exposure of the receiving 
unit horizontally to the direct rays of the sun, as is done by the Weather 
Bureau for total radiation, does not seem suited to physiological studies, 
owing to the impossibility of correcting by the cosine law for lateral light 
and other effects. Also the exposure of photocells to the direct rays of the 
sun may be very detrimental to them, 

4. A suggestion is made for a method of integrating light records for 
various foot-candle levels to enable each investigator to choose those levels 
of significance in his studies. 

Connecticut State College 
“ Stores, Connecticut 
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A PEECISB METHOD, WITH DETAILED CALIBRATION FOR THE 
DETERMINATION OP ABSORPTION COEFFICIENTS ; THE 
QUANTITATIVE MEASUREMENT OP THE VISIBLE 
AND ULTRAVIOLET ABSORPTION SPECTRA 
OP ALPHA CAROTENE, BETA CAROTENE, 

AND LYCOPENE^ 

Elmer S. Miller^ 

(with eight figures) 

Introduction 

Owing to recent developments in amplifying tubes and circuits, it has 
been possible to design a spectrophotoelectric apparatus which permits the 
precise measurements of the absorption coefficients of alpha carotene, beta 
carotene, and lycopene. The absorption curves are important as: (a) a cri- 
terion in follomng the isolation of plant pigments (6), and (b) standards in 
analytical methods. 

Recently Zscheile (11) and Miller (7) have shown that the spectro- 
photoelectric method satisfactorily solves the problem of pigment differentia- 
tion. This method makes possible not only the determination of the total 
differentiation for each group (chlorophylls, carotenes, and xanthophylls), 
but also the analysis for the total of each component within the respective 
groups. Because no separation of pigments into groups or components 
within a group is necessary, the spectrophotoelectric method is rapid. 

This paper presents a detailed calibration of the apparatus and a com- 
prehensive discussion of the limitations of the method in conjunction with 
the quantitative absorption spectra of alpha carotene, beta carotene, and 
lycopene in the visible and ultraviolet region. 

Nomenclature 

The nomenclature employed in quantitative spectroscopy is somewhat 
confusing to biologists because different units and symbols are employed to 
express absorption. In this paper alpha (a) in equation 4 is plotted as the 
ordinate with wave lengths expressed in Angstrom units as the abscissa. 

The quantitative absorption spectrum of an organic compound is deter- 
mined in the following manner. In a homogeneous medium, according to 
Lambert’s law, the amount of radiant energy absorbed is expressed by 
equation 1. 

1 ^ = 1 , ( 1 ) 

1 Contributions from the Department of Botany, University of Minnesota. 

2 This research was started at the Herbert Jones Laboratory at the University of 
Chicago in 1932, and continued at the Department of Botany at the University of Minne- 
sota from September, 1936. The absorption curves in the visible region for the mentioned 
carotenoids have been published in the BotaniaU Gazette and Plant Physiology. 

667 
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When beta (3) is proportional to concentration, Beer’s law is obeyed, and 



8 = ac. 

(2) 

Then t 


logic Y = 

**-x 

(3) 

or T 


a = logic /cx. 

-i-v 

(4) 




lo = intensity of light transmitted by the solvent cell. 

I^= “ “ “ “ “ “ solution cell. 

X = thickness of absorption cell in centimeters, 
e = concentration in grams or moles per liter, 
o = specific absorption coefiicient for grams per liter, or molecular 
absorption coefficient for moles per liter. 

McNicholas (5) plots “absorbency” as the ordinate. He defines this 
symbol as ; 




absorbency^^ = log 



-bcK 


(5)« 


Since his units are the same as those employed in equation 4, K = a. 
Weigert (10) employs E to express the molar absorption coefficient calcu- 
lated as the logarithm to base 10. When the molecular weight is not known, 
a is frequently calculated on the basis of a 1 per cent, concentration. In 
this paper, unless stated, the gm.-cm, units will be employed. 


Materials and methods 

Spectrophotoelectric apparatus 

The design of the apparatus is similar to the one described by Zscheile 
(12), save that certain modifications have been made so that narrower slit- 
widths could be employed. 

The spectral region is isolated from the continuous spectrum by a Zeiss 
fixed arm spectroscope (deviation 90®), used as a monochromator. Eefer- 
ring to wave length 4861 A, the effective aperture is F/6.4 for the entire 
instrument. The error of the wave length drum is less than ± 1 A at 
2150 A, and dr 3 A at 7800 A, Although the Zeiss instrument is equipped 
with achromatic lenses, a slight adjustment is necessary to correct for chro- 
matic errors. 

Plor thjS visible region, a 50 c.p. automobile Mazda bulb connected to bat- 
teries is employed as the light source. For the ultraviolet region a Urey 
type of hydrogen discharge tube operating at 4000 volts and 0.8 amp. is 
rather satisfactory/ 

« b ss ^ length in centimeters. 

* The thbe was lined with a 5-mm. quarts tube. This precaution and the operation 
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A DuBridgb and Brown (7) circuit (fig, 1) is employed to measure the 
photoelectric current. In this circuit an F.P. 54 vacuum tube (General 



Electric) is employed for the amplification of the photoelectric current. The 
photoelectric current is passed through a high resistance Eg (1 x 10^^ ohm), 
and the potential across this resistance is impressed on the grid of the 
amplification tube. The amplified current is measured by a galvanometer 
(Leeds Northrup Company: 2500-b, period 6 sec.). The sensitivity of the 
galvanometer is controlled by an Ayrton shunt. The photocell is a caesium 
oxide gas-filled type with internal and external grounded guard rings. The 
sensitivity curve of this cell has been described by Young and Pierce (13). 

The entire apparatus was set up in an underground laboratory in which 
the temperature fluctuates less than ±: 0.4° C, in 24 hours. With proper 
electromagnetic shielding, a stable voltage sensitivity of 225,000 mm. per 
volt and a current sensitivity of 1 x 10’^^ amp. per mm. is attained. These 
sensitivities are for 4 meters scale-to-galvanometer distance and a galva- 
nometer sensitivity of 0.6. The galvanometer drift is less than 0.5 cm, per 
hour with oscillations ± 1 mm. Usually 40 to 50 seconds are sufficient for 
the measurement of two absorption coefficients. The cell carriage, which 
holds three absorption cells (Hilger type 291), is placed behind slit no. 2. 
Thus from four transmissions, two absorption coefficients may be calculated. 

The over-all error (diflFerence between lo' and lo'O for the apparatus, 
including fluctuations in light source, amplification tube, photoelectric cell, 

at 0.8 amp. prolongs the life of the tube greatly. The present tube has been in operation 
over ten months. It has run 500 hours on one filling with hydrogen. 
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and galvanometer, was less than db 0.25 per cent, for the visible region and 
less than ±i 0.35 per cent, for the ultraviolet region. The larger error for 
the ultraviolet region was due to fluctuations in the light source. This 
error should not be confused with the total error involved in alpha (ar). 

Calibration 

The calibration of the apparatus is described in detail so as to familiarize 
other investigators with the method employed in obtaining these spectroscopic 
data. 

The Cooper-Hewitt mercury vapor arc was employed for the calibration 
of the wave length drum and the collimator lens. Figure 2 contains two 



Pro. 2. Absorption curves of the 5460.7-A mercury arc line. 


absorption curves of the 5460.7-A mercury line. After a preliminary 
attempt at setting the wave length drum and collimator lens, curve I was 
obtained. From this curve, with the wave length drum set at wave length 
5432 A, the ebUunator lens was again focused. These adjustments showed 
that the maziintun galvanometer deflection was obtained with the collimator 
lefUD set at 150. Then curve I was repeated with readings taken at approxi- 
mately omSrAaijgstrom intervals. These data are plotted in curve II. This 
procedtt^ was again repeated and curve III was obtained. Thus, the 
5460.7-Jl line was in best focus with the collimator lens set at 150 and wave 
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length drum at 5432 A. The agreement between curves I, II, and III is 
excellent, considering that the minimum error in the wave length drum setting 
is ±: 0.5 A. The maximum discrepancy between two wave length drum 
calibrations at six-month intervals for both the visible and the ultraviolet 
region was 2 A. 

The apparatus was tested to ascertain whether correct measurements 
could be obtained, according to the following procedure. 

A. Known voltages were impressed on the grid of the amplification tube 
and the deflections of the galvanometer were observed. Direct pro- 
portionality was found. 

B. The proportionality between the response of the galvanometer and the 
intensity of the incident light on the photoelectric cell was tested as 
follows : 

1. With the deflections of the galvanometer 80-100 cm. (reduced to 
35 cm. at wave length 2200 A) the response was measured when 
a series of screens was interposed. These data are summarized 
in table I. 


TABLE I 

Comparison of screen transmissions measured by thermopile and photoelectric 
apparatus with absorption cells in place 


Apparatus 

Screen transmissions 

Screen no. 1 

Screen no. 2 

Screen no. 3 

Thermopile 



73.4 

54.8 

32.7 


ri 

73.0 

54.6 

33.0 

2250 A with cell no. - 

2 

73.3 

54.4 



3 

73.5 

54.4 

33.1 


ri 

73.0 

54.6 

32.5 

3000 A with cell no. ■ 

2 

73.0 

54.4 



3 

73.3 

54.4 

32.9 


ri 

73.5 

55.0 

32.9 

3800 A with cell no. • 

o 

73.6 

54.7 

32.4 


,3 

73.3 


32.7 


ri 

73.8 

54.4 . 

32.4 

4000 A with cell no. \ 

0 . 

74.0 

54.8 

32.4 


.3 

! 74.0 

54.3 

32.2 


ri 

73.6 

54.4 

32.4 

5000 A with cell no. • 

2 

73.8 

54.8 

32.2 


[3 

73.4 

54.8 

32.3 


ri 

73.7 

54.5 

32.3 

6000 A with cell no. - 

2 

73.8 

54.3 

32.7 

[3 

73.7 

54.3 



ri 

73.6 

54.6 

33.1 

7000 A with cell no. -j 

2 

73.7 

54.4 

32.8 

3 

73.7 

54.4 

33.0 
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Because three absorption cells were employed in this study, 
the screens were interposed with each of the respective cells in the 
path of the beam of light at 1000-A intervals. Previously, a 
similar test was made with only one cell and screen no. 2 at 100-A 
intervals. The transmission values of the screens were measured 
with a thermopile. Owing to variations in the respective position 
of the screens, the error in this experiment is 1 per cent. 

2. The apparatus was tested for the linearity of response to incident 
light intensities which gave 30-, 60-, and 120-cm. deflections of the 
galvanometer, respectively. This was primarily to check ‘ ‘ fatigue 
effects^’ in the photocell and ^‘capacity effects’^ in the amplifying 
circuits. When the screens were interposed, constant transmission 
ratios at the different light intensities were obtained. 

C. Standard solution. — ^As a check on the total error of the apparatus, 
light source,® and observer, the absorption coefficients were measured 
on a standard solution for the visible and ultraviolet region. This 
solution consisted of equimolar concentrations of potassium chromate 
and copper sulphate (pentahydrate) dissolved in a two-normal 



Pig. 3. Absorption of equimolar concentrations of potassium chromate and 

copper sulphate (pentahydrate) in 2 N ammonia. 

9 Occasionally when Ihe hydrogen discharge tube has been in service for some time, 
new bands are superimposed on the hydrogen lines. Borne evidence has been obtained that 
the presence of thcuse new bands may affect the value of the absorption coefficient. 
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ammonia solution. This standard was first employed by Weigert 
(10), VON Halbon (2), and recently by Smith (9). The absorption 
spectrum of this standard is presented in figure 3. The dots and the 
circles represent the values obtained by Weigert (10) and the writer 
respectively. Considering the low sensitivity of Weigert^s apparatus 
and the summation of the total errors in the two absorption curves, 
the agreement is about as good as may be expected. Unfortunately, 
this inorganic salt mixture has the following limitations as a standard : 

1. The values of the absorption coefficients are affected by the normal- 
ity of the ammonia solution. 

2. For the visible region, the absorption bands are too broad for this 
mixture to be a good standard in quantitative absorption spectro- 
scopy. This will become apparent in the forthcoming discussion 
under the heading ‘^Slit data and scattering of light.’’ 

D. Calibrated glass filter. — Through the courtesy of the Bureau of Stand- 
ards a calibrated filter was obtained. The transmission of this filter 
was measured with a thermopile at the wave lengths stated in table II. 

TABLE II 

Comparison op transmission values of glass filters as measured by thermopile 

AND photoelectric APPARATUS 


Apparatus I 

1 Transmission values 

3020 A 

3130 A 

3340 A 


% 

% 

% 

Thermopile 

29,5 

54.5 

86.0 

Photoelectric 

28.9 ± 0.2 

54.6 ± 0.2 

85.9 ± 0.1 


The photoelectric data agree within the experimental error with the trans- 
mission values obtained with the thermopile. This is an excellent filter to 
check on the total error because of its steep slope. If the prism setting is 
more than ±: 1.0 A in error, the transmission error is increased by a factor 
of two. 

Slit data and scattering op light 

Before comparisons are made with data obtained by investigators in dif- 
ferent laboratories, i,e,, the use of the absorption curves in quantitative 
analyses, it is essential to state : 

1. Slit-width in millimeters actually employed at the respective wave 
lengths. 

2. The effective dispersion, i.e., the slit-width in terms of A per mm. of 
slit-width to permit the calculation of the spectral region isolated. 

The slit data for the photoelectric apparatus is presented in table III. 
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TABLE III 

Slit data fob ultraviolet region (htdboqen discharge tube at 0.8 amp.) and visible 
REGION (50 c.p. Mazda lamp) with a 2-cm. quartz cell filled with ethanol 


Wave 

LENGTH 

Bbqion 

isolated 

A/mm. 

OF SLIT- width 

Slit- WIDTH 

Spectral 
region iso- 
lated in a 

Deflection of 
galvanometer 

A 

A/mm* 

mm. 

A 

cm. 

2200 

65 

0.20 

13.0 

19.5 

2300 

76 

0.16 

12.2 

20.0 

2450 

102 

0.08 

8.2 

69.1 

2600 

132 

0.04 

5.3 

62.9 

2900 

204 

0.025 

5.1 

76.0 

3450 

388 

0.022 

8.5 

65.6 

4000 (Quartz) 

630 

0.022 

13.8 

60.8 

4000 (Flint) 

160 

0.025 

4.0 

*49.4 

4200 

200 

0.016 

3.2 

59.0 

4500 

240 

0.007 

1.7 

99.0 

4800 

302 

0.0033 

1.0 

90.7 

6000 

680 

0.002 

1.35 

120.0 

7200 

1400 

0.002 

2.8 

132.8 


The limits of the wave lengths emitted from the second slit is two times the 
slit-widths due to overlapping of rectangles of light (finite spectral regions 
isolated) emitted from slit number II. Hence, the base of the frequency 
histogram of wave lengths is twice the respective slit-width. In this case the 
distribution curve is a triangle rather than one which approaches the normal 
curve. Therefore the population within the center half of the histogram 
(actual slit-width employed) includes 75 per cent, of the total wave lengths 
emitted. Data presented in table III show that in the visible and ultraviolet 
region, 75 per cent, of the total wave lengths emitted from the second slit are 
between 1.0 and 4.0 A, and 5.1 and 13.8 A for the visible and ultraviolet 
regions respectively. 

Smith (9) employed 0.07-mm. slit-widths which gave a spectral region 
8.0 A wide for the center half of the absorption curve of the 5460.7-A line. 
This does not definie the spectral region isolated because the width of the 
mercury line is not only affected by the slit-widths but also by the type of 
mercury arc, voltage, and amperes employed, and distance of arc from slit 
no. I. 

Heretofore, researches employing quantitative spectroscopy have been 
made, and in ihany instances the slit- widths employed have not been stated. 
Figure 4 ^sxtains the absorption curves for beta carotene with different slit- 
widths. J(W "^vave length 4520 A the effect of opening the slits from 0.007 
to 0.08 mm. to increase the limits of the wave lengths emitted from 
the second from 1.7 to 19.5 A. (This spectral region includes 75 per 

cent* of IheVave lengths.) This decreased the value of alpha 10 per cent. 
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WAVE LENGTH IN A U 

Fig. 4. Absorption spectra of p carotene at different slit-widths. 


Figure 5 consists of curves representing the lowering of alpha, beta 
carotene, and lycopene by increasing the slit-widths. Similar curves were 
obtained when the mercury arc was employed as the light source. For the 
Zeiss monochromator, it would be useless to employ the standards presented 
in this paper with slit- widths wider than 0.05 mm. for quantitative analyses 
of the components within a group — even for estimating the lotal concentra- 
tion for a group. 

The value of alpha for compounds like benzene is affected more by slit- 
widths than those compounds with broad bands like the carotenoids and the 
inorganic standard presented in figure 3. 

The simple method of determining whether “scattered'^ light (due to too 
wide slits) is of any importance is to replace the ordinary source of light 
by a monochromatic one, i.e., mercury or sodium arc, without changing any 
of the other adjustments. This precaution should always be observed before 
quantitative measurements or analyses are made. 



676 


PLANT PHYSIOLOGY 



SLIT WIDTHS IN MM. 

Fig. 5. The lowering of a at different wave lengths with increasing slit-widths. 


After the proper calibration has been made to check the linearity between 
the incident light on the photocell and the deflections of the galvanometer, 
another test for scattered light is to measure alpha under conditions which 
give small and large values for lo and Ix respectively — ^within concentration 
limits that obey Beer 's law. If scattered light is a factor, the alpha, in which 
Ix is small, will be low. That is, a constant error, such as due to scattered 
light, will be increased with a small I*. Another reason for employing very 
narrow slit-widths is to reduce the rate of photochemical reactions to a 
minimum. 

Experimentation 

Photochemical decomposition 

In measuring absorption spectra of the common carotenoids, it is im- 
possible in the ultraviolet region to eliminate photochemical reactions. In 
this study, the apparatus was so designed that by employing narrow slit- 
widths, it was hoped that the amount of photochemical decomposition could 
be decreased to less than the experimental error. At first, studies were made 
on the ihore stable carotenoids — alpha and beta carotene. In eight different 
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measurements of the absorption spectra no photochemical decomposition' 
could be detected after irradiating the respective solutions 30 to 40 times in 
the course of determining the absorption spectra. 

The next compound studied was lycopene. At the beginning of an ex- 
periment, alpha (a) was measured at wave length 3000 A. After twenty 
subsequent measurements were made at 50-A intervals throughout the entire 
ultraviolet region, alpha was again measured at wave length 3000 A. This 
value of alpha checked with the first measurement. The error was 0.5 per 
cent. These experiments show that if very narrow slit- widths are employed, 
the amount of photochemical decomposition is insignificant, even for com- 
pounds as labile as lycopene. 

The solvents employed in this investigation were purified as described by 
Miller (6). 

Errors 

The inherent errors of the circuit have already been discussed in con- 
nection with the description of the amplification circuit. 



WAVE LENGTH IN A. U 

Fig. 6. Duplicate absorption curves measured by different manipulators. 
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A common criterion frequently employed in the purification of organic 
compounds is to regard the preparation with the largest absorption coefficient 
as being the purest. In the visible region, the discrepancy between purified 
preparations should be less than 1 per cent. In those regions where the ab- 
sorption coefficient is less than 20 to 40, the difference between two samples 
may be 2 to 10 per cent. This increase in error is largely due to traces of 
impurities in the solvent and sample. 

In the ultraviolet region the error is usually increased due to difficulties 
in keeping the absorption cells clean. Only in part can this factor be cor- 
rected. In this study the maximum error introduced by adsorption on the 
cell surfaces was 0.5 per cent. Likewise, the concentration range over which 
Beer^s law is obeyed becomes more limited in the extreme ultraviolet. By 
employing different concentrations in the absorption cells, the concentration 
range over which Beer’s law is obeyed is readily established. 

Fortunately, the errors introduced by the apparatus, weighing, manipula- 
tors, balance, zero transmission of the absorption cells, dilutions, slit-wdth 
settings, and prism settings tend to cancel each other. In figure 6 this is 
illustrated by absorption curves A and B. In this experiment, two manipu- 
lators, working independently, measured the absorption of alpha carotene in 
the visible region. In view of the fact that the apparatus error was approxi- 
mately dz 0.4 per cent, when this test was made, the agreement between the 
two sets of data is good. It is interesting to note that the largest discrep- 
ancies occurred at wave lengths 4350 and 4800 A. At these wave lengths 
the slope of the absorption curve is large, and consequently a slight error in 
the prism settings would introduce a significant error. 

Absorption spectra 

The absorption spectra of alpha carotene, beta carotene, and lycopene 
have been quantitatively measured between wave lengths 2200 and 5400 A. 
The absorption curves are presented in figure 7.*^ In this study, the precau- 
tions described by Miller (6) have been employed. 

In the carotenoid literature the largest discrepancies occur between ab- 
sorption spectra data obtained by investigators in different laboratories. 
The absorption coefficients of the carotenes and lycopene were first measured 
by Kuhn (3) and Smakula (8). When these data were published, no cali- 
bration data were presented. Miller (6) and Smith (9) were unable to 
confirm the values obtiiined by Kuhn and Smakula, although Smith’s (9) 
cu!rves agreed with t^tose curves previously reported by Miller within the 
experimental error. Smith (9), in a detailed study concerning sources of 
errors, was unaMe to satisfactorily explain the discrepancies in absorption 
spectra data reported by Kuhn and Smakula, and Miller and Smith. 

s Xa figure 7, the experimental values are presented, usually at 50-A intervals because 
the graph was greatly reduced for publication. 
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Fig. 7. Absorption spectra of a carotene, p carotene, and lycopene in 80 per cent, 
etlianol and 20 per cent, diethyl ether. 

Readings were taken at 25- A intervals, save 10- A intervals over the 
maxima and minima.^* The absorption spectrum of alpha carotene consists 
of four bands and a shelf. The maxima for the bands occurs at 4750 A 
(a = 231.5d: 1.5), 4465 A (a = 258 dr 1.5), 4246 A (a = 178±1.6), and 
2675 A (a = 47.0 ± 0.5) . The shelf occurs at 4010 A. In the visible region 
a minimum occurs at 4625 A (a = 190.0rb 1). The extremely wide mini- 
mum in the ultraviolet (approximately the same for the carotenoids investi- 
gated in this study) will be discussed under oxidation. 

The absorption curve for beta carotene has three definite maxima at 
wave lengths 4800 A (a = 222 ± 1.0), 4525 A (a = 249 ±: 1.4), and 2790 A 
(a = 43.0 dt 0.5). An apparent point of inflection occurs at 4055 A and a 
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distinct shelf at 4300 A (a = 180.0 ±: 1.0). A minimum is observed at 4700 
A (a = 210.0±1.0). 

The lycopene was isolated from tomatoes, and furnished by Dr. M, B, 
Matlack ( 4 ). Lycopene has four bands with well-defined maxima at wave 
lengths 5050 A (a = 298 di 2), 4725 A (a = 328 rt 2), 4465 A (a = 217±:l), 
and 2960 A (a = 102.5 ±: 2) . In the visible spectrum, minima were found at 
4900 A (a = 201.5 ±: 2) and at 4550 A (a = 204 ±: 2). A small shelf was 
noted between wave lengths 4200 and 4250 A. 

Oxidation of carotenoid solutions 

A detailed spectroscopic study has been made by McNicholas (6) on 
the oxidation of carotene (chiefly beta) and ‘4eaf xanthophyir’ in 80 per 
cent, ethanol and 20 per cent, ether. McNicholas reports that during the 
first stages’’ of oxidation, there is a marked increase in a band at wave 
length 3410 A. He concludes that his purest carotene samples exhibited a 
slight inflection at this same wave length. 

In figure 7 the carotene curves also show a very small inflection between 
wave lengths 3400 and 3500 A, and a similar inflection for lycopene at wave 
length 3700 A. For the carotenes, this inflection is no greater than the 
experimental error ; hence insignificant, save that many of the earlier studies 
report a distinct band. Therefore a few experiments were made to observe 
the rate at which these bands develop. 

After the absorption coefficients of beta carotene and lycopene had been 
measured (fig, 7) the rate of oxidation was followed spectroscopically by the 
development of bands between wave lengths 3400 and 3800 A. When the 
values of the alphas at the respective maxima had increased twofold, the 
absorption curve for beta carotene and lycopene were measured. These 
data are presented in figure 8. Curve B shows that on the fifth day after 
the carotene was dissolved in the solvent, the value of the absorption coeffi- 
cients at wave length 3400 A had increased twofold. On the second day, 
the value of alpha (curve E) for lycopene had increased from 20 to 43 at 
wave length 3650 A. 

Additional experiments were made to determine the rate of oxidation of 
the lycopene solution when the absorption cells were placed in front of slit 
no. 1, so that the lycopene solution was exposed to the total irradiation of 
the discharge tube. When the lycopene solution had been exposed less than 
20 minutea, the value of alpha at wave length 3600 A was larger than the 
absorption coefficient at wave length 2960 A. 

SlGNIFIOANCE OF OXIDATION EXPERIMENTS 

CAROTENEs.~-KtJHN (3) and Smakula (8) in their spectroscopic inves- 
tigations the carotenes failed to observe an inflection in the absorption 
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WAVE LENGTH IN A.U. 

Pig, 8. Changes in p carotene and lycopene spectra accompanying oxidation. 

curve of either alpha or beta carotene in hexane. Kuhn’s carbon and 
hydrogen analyses demonstrated that the respective carotene samples were 
pure. He also employed a hydrocarbon as solvent, which would cause a 
slower rate of oxidation than a mixture of ethanol and ether. 
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Since Kuhn employed aluminum oxide (Pasertonerde) in his method of 
purifying the carotenes, the 3400-A inflection (band) is not due to oxidative 
changes introduced by the adsorbent, but rather by the solvent, oxygen, and 
light. 

The small inflection observed by McNicholas (6) no doubt is due to im- 
purities, because the value of alpha at wave length 4250 A for his carotene 
sample is 1.5 to 2 per cent, lower than that presented in figure 7. This dis- 
crepancy is of the same magnitude as that presented by his increase at wave 
length 3400 A. 

Lycopene. — ^Por some tme it has been known that lycopene is readily 
oxidized, even more so than the carotenes. This is demonstrated in a study 
by Smakula (8). He measured the absorption curve in hexane and, 
although he found a distinct band at wave length 3650 A, he does not record 
it as such. Matlack ( 4 ) succeeded in isolating pure lycopene from tomatoes 
— purity based on carbon and hydrogen analyses. His associates measured 
the absorption coefficients of lycopene in visible and ultraviolet region at 
liquid air temperatures. Matlack obtained evidence that a lycopene dis- 
solved in ethanol and ether was partially oxidized after standing 12 hours in 
the dark. The data in figure 7 confirm the absorption curve reported by 
Matlack for the visible region. In the ultraviolet region Matlack reports 
bands at wave lengths 3650 and 2960 A. 

After the lycopene curve in figure 7 was measured, the absorption coeffi- 
cients were again determined on 48-hour-old lycopene solutions. These data 
are presented in figure 8, curve B. The absorption curve reported by 
Matlack and Sando was measured photographically and is, in part, repre- 
sented by curve P.^ It is interesting to note that even at liquid air tempera- 
tures and a time interval as short as that necessary for a spectrogram, 
approximately as much photooxidation occurred as that (oxidation) occur- 
ring when a similar solution is allowed to stand 2 days at 20® C. These data 
suggest that the band (or inflection) at wave length 3650 A, as reported 
by Smakula, Matlack, and Sando, is due to oxidation. Likewise the small 
inflection in the lycopene curve in figure 7 is due to slight traces of oxidation- 
inflection approximately that of the experimental error.® 

Summary 

1. A precise method has been developed for the quantitative measurement 
of absorption coeflfei^ts. Data are presented to show that for carotenoid 
research the absorption cells must be placed behind slit no. 2. When 

7 The curve is reproduced as accurately as it is possible to read the values from figure 
4 iu reference (4). 

8 While this paper was in press, a paper by Hogness, Zsch^ilb, and Siuwsll has been 
published,^ the March, 1937 issue of Fhysioal Chemiairy, This paper concerns the con- 
struetiOU, aslibration, and the use of a photoelectric spectrophotometer in chemistry. 



MEASUBBMBKT OF ABSORPTION SPECTRA 


this precaution is observed and narrow spectral regions are employed, the 
photooxidation is so decreased that, during the measurement of an absorp- 
tion curve, the total decomposition is less than the experimental error. 

2. A procedure for a detailed calibration of the photoelectric apparatus 
has been discussed. Suggestions are made which will make it easier for 
investigators in different laboratories to obtain concordant results. 

3. Calibrated filters obtained from the Bureau of Standards are the best 
single test to ascertain that the apparatus will give correct measurements. 

4. Precautions and limitations are discussed as to when it is not possible 
to employ the standards, presented in this paper, for quantitative analysis. 

5. The sources of errors are discussed. When the same apparatus is 
employed by several investigators, many of the possible errors cancel each 
other. The magnitude of the total errors in the various parts of the visible 
and ultraviolet region has been stated. 

6. The absorption coefficients in the visible and ultraviolet region have 
been measured in 80 per cent, ethanol and 20 per cent, ether for alpha caro- 
tene, beta carotene, and lycopene. 

7. Data have been presented showing that a band at wave length 3400 A, 
or even an inflection, is due to traces of carotene oxidation products present. 

8. Photo- or chemical-oxidation or both are responsible for the absorption 
band at wave length 3650 A, as previously reported for lycopene. 

9. In the ultraviolet region, even at liquid air temperatures, it is impos- 
sible to obtain an accurate spectrogram of lycopene. 

10. The bearing of the data presented in this paper, to that reported by 
other investigators has been discussed. 
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figure 6 ; to the Board on National Research Fellowships in the Biological 
Sciences for making the first part of this study possible by the grant of a 
fellowship ; and to Professors C. 0. Rosendaiil and Geo. 0. Burr, both of 
whom have given constructive criticism and have made possible the presen- 
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ENZYME ACTIVITY IN COLD-HARDENED AND UNHARDENED 

RED CLOVER! 

Glbnn a. Greathouse and Neil W. Stuart 
Introduction 

The ultimate objective of winter-hardiness investigations is to find the 
fundamental nature of this phenomenon. Toward that end results are 
reported of a study on the autolysis of red clover root and crown tissue when 
in the cold-hardened and unhardened condition. Results are also reported 
from experiments on hardened red clover plants stored for 11 days at tem- 
peratures of 34°, 31° and 12° P. Carbohydrate and nitrogen analyses were 
made on these tissues. It has been suggested (8, 9) that the sugars are 
related to protein preeipitatioii, thus a study of the activity of the proteolytic 
and carbohydrate enzymes under similar conditions would appear to be of 
great interest and value. 


Literature review 

An extended review of the literature on various enzymes is outside the 
scope of this paper. The most recent work on enzymes as related to winter- 
hardiness is that of Tysdal (11) on diastatic activity in alfalfa plants. 
Newton and Brown (7) and others have noted a relation of winter-hardi- 
ness and catalase activity, the hardier variety having the higher activity. 

The importance of sugars in the hardening process has been suggested 
by Lidforss (6), Akebman (1), Newton and Brown (8), Schappnit (9) 
and others. Higher concentrations of sugars are associated with winter- 
hardiness in clovers (2, 3) and the question immediately arises, what changes 
occur within the plant to promote and retain the increase of sugars ? Tysdal 
(11) studied the diastatic power of the alfalfa plant as related to the hard- 
ened-off condition. In his investigation only the diastatic enzymes were 
studied. This still leaves the question unanswered as to whether the increase 
in sugars during the hardening period is due to conversion of starch to sugar, 
or whether the increase in sugar is not at the expense of starch, as Tumanow 
(10) and others have suggested. Or, again, it may be that the hardier 
variety is more conservative of its already formed sugar, possibly because 
of a lower respiration rate. 

Kling ( 4 ) reported that winter cereals could be differentiated as to cold 
hardiness on the basis of their protein ferments. 

1 Contribution from the University of Maryland, College Park, Maryland. 
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Materials and methods 

The Ohio and French varieties of red clover® were selected as types that 
are winter hardy and less hardy respectively. The plant material for the 
autolysis experiment was grown on experimental plots which were seeded on 
April 21, 1934, on the Maryland Experiment Station Farm at College Park, 
Maryland. A 2-12-4 fertilizer was applied at the rate of 600 lb. per acre 
to the sandy loam soil previous to seeding. The seed was inoculated and 
planted without a companion crop at the rate of 15 lb. per acre. The plants 
were clipped at a height of 4 in. on September 12, 1934. 

On January 30, 1935, both varieties of clover plants were removed from 
the snow-covered ground and separated into roots and crowns. All of the 
living shoot tissue was included with the crowns. The tissue was prepared 
for sampling as previously described (2). Suitable portions of the macer- 
ated tissue were placed in Kohlrausch or Erlenmeyer flasks, thoroughly 
wetted with toluene-saturated water, plugged with cotton, and placed in an 
oven at 37 ±: 0.2® C. One set of the samples was analyzed immediately and 
others after autolysis periods of 24, 48 or 120 hours. An additional set of 
samples was placed in a water bath at 70° C. for 1 hour and then transferred 
to the 37° C. oven for 24 hours. Another set of samples was frozen at 
- 22° C. for 1 hour and then placed at 37° C. for 24 hours. Care was taken 
that the samples were saturated with toulene water at all times during the 
autolysis at 37° C. The experiment was repeated on March 25, 1935, the 
only change being that some of the autolysis periods were shortened. At 
this time the plants were in the early spring stage just starting to grow. 

The same varieties of clovers were seeded in rows in cypress boxes on 
October 14, 1935, and grew in the greenhouse until January 29, 1936. On 
this date the boxes containing the clover plants were placed in a cold storage 
room® which maintained a temperature of 34 =fc 2° F. These plants received 
continuous light from four 500-watt Mazda lamps, placed at a distance of 3 
feet from the plants. On February 11, 1936, the plants were divided into 
four uniform lots of 4 boxes each. Lot 1 remained at 34° F. and lots 2 and 3^ 
were placed at 31 rt 1° P., and 12 ±: 1° P., respectively. Lot 4 was taken 
for analysis on February 11 and designated as check in the tables. Lots 1, 
2, and 3 did not receive’ illumination during the 11 days of storage as all 
storage rooms jyere dark. 


Experimental results 

The results of the carbohydrate analyses are shown in tables I to VI. 
«C»iio P.O.I. Aece»sion no, 20195; Prencli, Aecoseion no. 20141. The letters P.C.I. 
Indicate the accession number of the Division of Forage Crops and Diseases, Bureau of 
Plant Industry, United States Department of Agriculture. 

» l^^ugh the courtesy of the Department of Horticulture, University of Maryland. 

4 Cotd storage room, Arlington Farm, Ta., through the courtesy of the Division of 
Fruit and Vegetable Crops and Diseases, Bureau of Plant Industry. 
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In the January autolysis experiment the invertase activity was greater 
in the Ohio roots than in the French roots. The data show that the starch 
and dfextrin content of the Ohio roots decreased 30.2 per cent, while the 
French roots decreased 41.5 per cent, during the first 24 hours of autolysis, 
as measured by the percentage decrease over the original or check analysis 
(table III) . The Ohio and French crown tissue decreased 63.5 per cent and 
94.9 per cent, respectively, in the starch and dextrin fraction over the same 
period of time. Heating the tissue in January to 70° C. for 1 hour did not 
destroy the carbohydrate enzymes, although accumulation of reducing sugars 
was not quite so great as in the untreated samples. The enzymatic activity 
for the starch and dextrin fraction was stimulated in all samples except 
French crowns by heating to 70° C. for 1 hour previous to the 24 hours of 
autolysis. The data indicate that the carbohydrate enzymes in the French 
tissue were injured more than those in the Ohio tissue by the heat treatment. 

TABLE I 

Distribution or carbohydrates in red clover roots and crowns sampled January 30, 
1935. Results are expressed as percentage of the dry weight 


Period of autolysis 

Reducing 

sugars 

Sucrose 

Total 

SUGARS 

Starch 

AND 

dextrin s 

Hemicel- 

lulose 

hours 

% 

% 

% 

% 

% 




Ohio roots 


(Chock) 0 

2.06 

10.65 

13.40 

13.55 

8.89 

24 

19.13 

0.0 

19.34 

9.32 

6.78 

1 hr, 0.; 24 hr. 37® C. . .. 

18.86 

0.69 

20.25 

4.82 

7.93 

1 lir. -22° C. : 24 hr. 37° C 

18.84 

1.27 

20.84 

9.81 

7.31 

48 

21.05 j 

0.23 

22.12 

9.66 

6.27 


French roots 

(Check) 0 

1.92 

8.40 

10.86 

8.81 

9.86 

24 1 

16.07 

0.24 

16.93 

5.16 

8.94 

1 hr. 70° C.; 24 hr. 37° C 

15.02 

0.65 

16.25 

4.35 

8.94 

lhr.-22°C.; 24 hr. 37° C 

15.49 

0.39 

16.48 

5.07 

8.66 

48 

18.67 

0.96 

20.60 

5.42 

7.86 


Ohio crowns * 

(Check) 0 

4.02 

6.33 

10.88 

4.47 

9.36 

24 

14.53 

0.18 

15.30 

1.63 

8.21 

1 hr. 70° C. ; 24 hr. 37° 0. 

12.55 

0.02 

13.05 

1.37 

9.24 

1 hr. -22° C. ; 24 hr. 37° C 

14.65 

0.0 

14.53 

1.80 

7.73 

48 

15.42 

0.63 

16.79 

1.57 

6.72 


FkENCH crowns 

(Check) 0 

3.20 

5.15 

1 8.78 

2.30 

10.25 

24 

11.70 

0.42 

1 12.41 

0.12 

9.64 

1 hr. 70° C.: 24 hr. 37° C. ...... 

9.54 

0.12 

10.11 

0.92 

10.51 

1 hr. 22° 0.: 24 hr. 37° C 

12.07 

0.28 

12.87 

0.15 ! 

9.05 

48 

12.38 

0.18 

13.22 

0.11 

7.98 , 
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Freezing the tissue at - 22® C. for 1 hour previous to autolysis had little, 
if any, effect upon the carbohydrate enzymatic activity (tables I, II). 


TABLE II 

DiSIBIBUTtON or CAB 80 HYDBATXS IK RED CLOVER BOOTS AKD CROWNS SAMPLED MARCH 25, 

1935. Besui/ts are expressed as percentage or dry weight 


PjBBIOD or AUTOLYSIS 

Beducikg 

SUGARS 

Sucrose 

i 

Total 

sugars 

Starch 

AND 

DEXTRINS 

Hemicel- 

LULOSK 

hours 

% 

% 

% 

% 

% 




Ohio roots 


(Check) 0 

2.33 

2.54 

5.22 

3.95 

11.82 

6 

7.05 

0.0 

7.34 

2.12 

9.78 

24 

9.37 

0.34 

10.10 

1.65 

8.61 

1 hr. 70® C.; 24 hr. 37® C. 

8.09 

0.0 

8.43 

1.49 

10.47 


French roots 

(Check) 0 

, 3.74 

0.59 1 

2.52 

1.88 

12.23 

6 

4.23 

0.0 I 

4.28 

0.79 

10.21 

24 

5.23 

0.40 

6.05 

0.76 

8.87 

1 hr. 70® C.j 24 hr. 37® C. 

3.41 

0.0 

3.59 

1.01 

11.08 


Ohio crowns 

(Check) 0 

3.35 

0.13 

3.20 

2.33 

13.41 

6 

4.92 

0.0 

5.03 

1.02 

7.64 

24 

6.66 

0.13 

7.08 

0.92 

7.46 

1 hr. 70® C.; 24 hr. 37® C. 

4.02 

0.0 

4.25 

1.07 

10.37 


1 

French crowns 

(Check) 0 

2.23 

0.16 1 

2.56 

2.06 i 

9.89 

6 

3.69 

0.0 1 

3.91 

0.84 

7.66 

24 

5.76 

0.06 

6.11 

0.77 

6.58 

1 hr. 70® C.; 24 hr. 37® C. 

2,31 

0.0 

2.49 

1.68 

9.24 


In March, after growth had started, the clover roots and crowns were 
lower in total sugars, starch and dextrins than in January. The autolysis 
periods for March were 6 and 24 hours, respectively, in contrast to 24 and 
48 hours for January. After 24 hours of autolysis on the tissues sampled 
in March the differences between the varieties tended to disappear. As in 
January, greater increases in reducing sugars were observed in the Ohio roots 
than in the Frelfeh roots upon autolysis. Conversely the starch and dextrin 
fraction decreased more in the French roots than in the Ohio roots. Simi- 
larly to the January sample the reducing sugar increase and the starch and 
dextrin decrease were proportionally greater in the French crowns, although 
tiie differences were not as great for the March analysis. Following 6 hours 
of aatoiysis the starch and dextrin fraction had decreased 46.3 per cent, in 
the 0|uo roots and 58.1 per cent, in the French roots. Decrease in the starch 
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and dextrin fraction of the Ohio and French crowns of 56.5 per cent, and 
59.2 per cent., respectively, was noted over a similar period of autolysis. 
Heating the tissue sampled in March to 70° C. for 1 hour previoxis to autolysis 
decreased the enzymatic activity in all cases, except for the starch and dextrin 
hydrolysis in the Ohio root tissue. There was apparently less protection of 
the enzymes in March than in January. The protective action was very poor 
in the French crown tissue in both January and March. Data from tables I, 
II, VII, and IX show that there was about twice as much total sugar, amino 
acids, etc., in both varieties in January as in March. 

TABLE III 

Bistbibution or cabborydbates in bed glover boots and crowns saupled Januabt 30, 
1935. Results are expressed as percentage or the original, taken 
AS 100 PER CENT. 


Period or autolysis 

Reducinq 

SUGARS 

Sucrose 

Total 

sugars 

Starch 

AND 

DBXTRINS 

Hemicel- 

LULOBB 

hours 

% 

% 

% 

% 

% 




Ohio roots 


24 

927.0 

0.0 

144.3 

69.8 

76.3 

1 hr. 70® C,; 24 hr. 37® C. .... 

914.0 

6.5 

151.5 

36.1 

89.2 

Ihr. -22® C.; 24 hr. 37® C 

913.2 

11.9 

155.5 

73.4 

82.2 

48 

1020.5 

2.2 

165.1 

72.3 

70.5 


French roots 

24 

837.3 

2.9 

155.9 

58.5 

90.7 

lhr.-70®C.; 24 hr. 37® C. ... 

782.4 

7.7 

149.7 

49.4 

90.6 

Ihr. -22® C.; 24 hr. 37® C. ... 

807.3 

4.7 

151.8 

57.5 

87.8 

48 

973.0 

11.4 

189.7 

61.5 

79.6 


Ohio crowns 

24 ... ^7.’ ” 

361.3 

2.7 

140.6 

36.5 

87.6 

1 hr. 70® C.; 24 hr. 37® C 

312.1 

0.3 

119.9 

30.7 

98.7 

Ihr. -22® C.; 24 hr. 37® C 

364.4 

0.0 

133.5 

40.2 

82.6 

48 

383,8 

9.9 

154.2 

35.1 

71.7 


French crowns 

24 

365.8 

8.1 

141.3 

5.1 

93.9 

1 hr. 70° C.; 24 hr. 37° C. .. , 

298.4 

2.3 

115.1 

40.1 

101.0 

lhr.-22°C.: 24hr. 37°C. ... 

337.4 

5.5 

146.6 

6.4 

88.3 

48 

387.2 

3.6 

150.5 

4.6 

77.4 


A comparison of relative enzymatic activity in January and in March can 
be noted in tables III and IV. It is not possible to compare the increases in 
reducing sugars at the two periods, since the amount of total sugars, starch, 
etc., was not the same at these dates. However, the percentage of decrease 
in the starch and dextrin fraction is of interest and indicates the enzymatic 
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TABLE IV 

Bistsibutzon of cabbohydbatss in bed cloveb boots and crowns sampled March 25, 
1935. Besttlts are expressed as percentage of the original, taken 
AS 100 PER CENT. 


Period of autolysis 

Reducing 

SUGARS 

Sucrose 

Total 

sugars 

Starch 

AND 

dextrins 

Hemicel- 

lulose 

hours 

% 

% 

% 


% 

% 




Ohio roots 


6 

302.5 

0.0 

140.7 


53.7 

82.8 

24 

401.8 

1.3 

193.5 


41.7 

72.8 

1 hr. 70® C.; 24 hr. 37° C 

347.1 

0.0 

161.7 


37.7 

88.5 



French roots 

* 

6 

242.4 

0.0 

169.9 


41.9 

83.4 

24 

299.8 

0.7 

240.1 


40.4 

72.5 

1 hr. 70® C.; 24 hr. 37® C. 

195.5 

0.0 

142.5 j 


53.7 

90.5 


Ohio crowns 

6 

146.6 

0.0 

157.1 

[ 

43.5 

66.9 

24 

198.5 

1.3 

220.9 


39.3 

65.4 

1 hr. 70° C.; 24 hr. 37° C 

319.9 

0.0 

132.7 


46.0 

89.1 


French crowns 

6 : 

165.7 

0.0 

152.7 


40.8 

77.4 

24 

258.9 

0.4 

238.7 


37.2 

66.5 

1 hr. 70® 0.; 24 hr. 37® C 

103.5 

0.0 

99.1 


81.3 

93.3 


activity on this fraction at the two periods. The percentage of decrease in 
starch and dextrin in the Ohio root for January was 31.2 per cent, and in 
March 46.3 per cent. Similarly in the French root the starch and dextrin 
fraction decreased 41.5 per cent, in January and 58.1 per cent, in March. 
An autolysis period of 24 hours in March produced hydrolysis of about 60 
per cent, of the starch and dextrin in both Ohio and French roots. 

In January 63.5 per cent, of the starch and dextrins in the Ohio crowns 
were hydrolyzed in 24 hours. For the same period 94.9 per cent, of starch 
and dextrins in the French crowns were hydrolyzed. An autolysis period 
of 24 hours in March brought about hydrolysis of nearly 62 per cent, of the 
starch and dextISns in both Ohio and French crowns. 

The distribution of the carbohydrates in red clover roots stored for 11 
days in darkness at low temperatures is shown in table V. These plants were 
undisturbed until sampled for analysis. At all storage temperatures the 
Ohio roots maintained a larger percentage of total sugars, starch, and dex- 
trins tl^ did the French roots. The reverse relationship exists for the 
pentosan and hemicellulose fractions of these tissues. The apparent per- 










TABLE V 

Disteibution of carbohydrates in red clover roots. Results are expressis) as percentage of the dry weight 
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centage of increase and decrease of the pentosans and hemicellulose follow 
the decrease and increase of the total solids. This experiment was of con- 
siderable value and interest in that it showed that the changes that occurred 
in the roots of the undisturbed clover plants, when placed in darkness at 
temperatures of 34°, 31°, and 12° F., were similar to those in macerated tissue 
(autolysis). Especially is this similarity noted in the starch and dextrins 
fraction. The reducing sugars of both varieties of clover increased with the 
lowering of the temperature, the Ohio variety always maintaining the lead. 
The non-reducing sugars increased with the lowering of the temperature 
from 34° to 31° F., and then decreased from 31° to 12° F. The rate of 
starch and dextrin hydrolysis was greater in both varieties of clover at 34° 
and 12° F. than at 31° F. 

The results of the nitrogen analyses are shown in table VII tO XTI. Dur- 
ing autolysis a portion of the total protein in the roots and crowns is hydro- 
lyzed into amino acids, bases, etc. The portion of the protein removed during 
the extraction of the non-protein (designated extracted protein) decreased in 
both root and crown tissue during the entire period of autolysis. The great- 
est decrease was during the first 24 hours of autolysis. Conversely the non- 
protein nitrogen increased. This increase in amino nitrogen at successive 
autolysis periods was fairly regular. However, basic nitrogen accumulated 
only during the later autolysis periods. There was little increase in the 
amide and ammonia fraction at any time. 

In the January autolysis experiment the increase in non-protein nitrogen 
in both the Ohio and French roots was somewhat greater than the decrease 
in extracted protein. However, proteolytic enzyme activity was greater in 
the Ohio roots than in the French roots, as measured by the percentage 
increases in non-protein nitrogen over the original or check analysis (table 
VIII). Heating the sample to 70° C. for 1 hour did not destroy the pro- 
teolytic enzymes, although accumulation of non-protein nitrogen was not so 
great as in the untreated samples. The enzymes in the French roots were 
injured more than those in the Ohio roots by the heat treatment. 

In the clover crown tissue which contained more total and protein nitro- 
gen than the roots, there was a greater decrease in the extracted protein than 
an increase in the non-protein nitrogen. In further contrast with the clover 
roots, proteolytic enzyme activity was greater in the French crowns than in 
the Ohio crownjju 

In March, a&r gro^h had started, the clover roots and crowns were 
lower in total nSfogen than in January, Proteolytic activity came to an 
equilibrium aftei; 48 hours of autolysis in roots of both varieties. As in 
January, greater increases in non-protein nitrogen were observed in the 
Ohio roots than in the French roots. This increase was much greater than 
the decrease in extracted protein. Evidently the reserve proteins more 
intimatdy associated with the cellular structure were undergoing proteolysis. 
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TABLE VII 

DisnoBUTiOK OF niteOgen in bed clover boots and crowns sampled January 30 , 1935 . Besults are expressed as percentage of 

, THE FRESH WEIGHT 
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TABLE VIII 

Distribution^ of nitrogen in red clover roots and crowns sampled January 30, 1935. Results are expressed as percentage of 

THE original, TAKEN AS 100 PER CENT. 
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TABLE IX 

BxSTOimmON of nitoogen in bed clover roots and crowns sampled march 25 , 1935 . Besults are expressed as percentage 
* op the fresh weight 
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TABLE X 

Bistbibutxon of nitbogen in bed clover boots and crowns sampled march 25, 1935. Results are expressed as percentage 

OP THE original, TAKEN AS 100 PER CENT. 
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In the clover crown tissue, proteolysis continued up to 72 hours. As in 
January, greater percentage increases in non-protein nitrogen were observed 
in the French crowns than in the Ohio crowns. The decrease in extracted 
protein again was greater than the increase in non-protein nitrogen. 

TABLE XI 

Non’-pbotibin niteogen in red clover boots and crowns expressed as percentage op 

THE TOTAL NITROGEN 


Sampled January 30, 1935 

Sampled March 25, 1935 

Period op autoltsis 

Non-protein 

N 

Period op autolysis 

Non-protein 

N 

Hours 

% 

Hours 

- % 


Ohio roots 


Ohio roots 

(Check) 0 

46.51 

(Clieck) 0 

43.14 

24 

60.79 

24 

49.56 

Ihr. 70‘»C.;24 hr. 37** C 

58.57 

48 

61.50 

48 

60.16 

72 

61.50 

120 

71.75 



♦ 




French roots 


French roots 

(Check) 0 

45.59 

(Check) 0 

39.26 

24 

56.62 

24 

53.83 

Ihr. 70° C.; 24 hr. 37° C 

49.63 

48 

55.3] 

48 

120 

60.29 

61.95 

72 

54.57 





Ohio crowns 


Ohio crowns 

(Check) 0 j 

38.06 

(Check) 0 

27.47 

24 

44.07 

24 

42.63 

48 

48.84 

48 

46.26 



72 

48.48 




1 

1 

French 


French 


CROWNS 


crowns 

(Check) 0 

35.24 

(Check) 0 

21.71 

24 

45.53 

24 

37.33 

48 

48.57 

48 

40.57 



72 

41.71 





A comparison of relative enzymatic activity in January and in March is 
furnished by calculation of the non-protein nitrogen as percentages of the 
total nitrogen of the root and crown tissue. These data are shown in table 
XI. Autolysis of the roots for 120 hours in January resulted in hydrolysis 
of protein to the extent of more than 25 per cent, of the total nitrogen of the 
Ohio roots arid but 16 per cent, of the total nitrogen of the French roots. In 
March the corresponding figures were 18 per cent, for the Ohio roots and 15 
per cent, for the French roots during an autolysis period of 72 hours. 





TABLE XII 

Distribution op nitrogen in red clover roots 
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In January slightly less than 11 per cent, of the total nitrogen in the Ohio 
crowns was hydrolyzed in 48 hours. For the same period more than 13 per 
cent, of the total nitrogen in the French crowns was hydrolyzed. An auto- 
lysis period of 48 hours in March brought about hydrolysis of nearly 19 per 
cent, of the total nitrogen in both Ohio and French crowns. 

The distribution of nitrogen in red clover roots stored for 11 days in 
darkness at low temperatures is shown in table XII. In this eicperiment 
the plants were undisturbed until sampled for analysis. Regardless of stor- 
age temperature the Ohio roots maintained a larger proportion of their total 
nitrogen as non-protein nitrogen than did the French roots. In the autolysis 
studies the Ohio roots were always higher in non-protein nitrogen than were 
the French roots. Proteolysis occurred in the Ohio roots stored at 34® F. 
or 31® F. A storage temperature of 12° F. resulted in a marked decrease 
in the proportion of non-protein to total nitrogen as compared with the 
original or check analysis. Even greater decreases were noted in the French 
roots stored at 12° F. To a lesser extent the same decrease was observed in 
French roots stored at 31° or 34° F. It is not possible with the available 
data to explain these decreases in non-protein nitrogen. 

Discussion 

The hardier variety (Ohio) contains a larger percentage of sugars than 
the less hardy (French) under cold-hardened conditions. A further inter- 
esting question is whether this greater quantity of sugar is due primarily to 
greater conversion of starch and dextrins to sugar, or whether the hardier 
variety is instead more conservative of the sugar already formed. This 
investigation indicates that the hardier clover is more conservative of its 
already formed sugar, as can be noted from tables 1 to VI. Newton and 
Anderson (6) have established varietal differences in wheat plants by means 
of their metabolic rates at temperatures below 0° C. A similar relationship 
seems to exist between hardy and less hardy varieties of red clover. 

It is very difficult to learn to what extent enzymatic hydrolysis of the 
carbohydrates in macerated red clover roots and crowns can be correlated 
with naturally occurring enzymatic activity in plants grown under con- 
trolled or field conditions. The data of tables V and VI show that the 
changes that occurred in the roots of the undisturbed clover plants when 
placed in darknqss at temperatures of 34°, 31°, and 12° F. were similar to 
those in macerated tissue (autolysis). In a previous publication (3) it was 
reported that the Ohio variety of red clover grown under field conditions 
maintained a higher level of sugars and starch than the French variety. 
The present investigation shows that the enzymes active on starch in the 
French variety weue adparble of hydrolyzing more starch in a given length 
of time than were those in the Ohio variety. Thus, it would appear that the 
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carbohydrate enzymatic activity in macerated clover tissue was similar to 
that naturally occurring in plants under field conditions. 

There is a difference in the protective action between the two varieties 
of red clover. The hardy variety showed a greater protective action than 
the less hardy variety, after heating the tissue for 1 hour at 70° C. Exposure 
of the tissue to — 22° C. for 1 hour did not infiuence the enzymatic activity 
when compared with the check. A number of investigators have attempted 
to correlate total sugar, amino acids, inorganic salts, pH, etc., and protective 
action to heat and cold by the addition of these substances to plant saps. 
This investigation shows a greater protective action with a greater quantity 
of sugar and non-protein nitrogen. A critical study of the percentages of 
these substances in the tissue will reveal the fact that any one factor such as 
sugar, etc., is not responsible for the difference in protective action, of the 
tissue at 70° C. for 1 hour. Undoubtedly, the ability of the enzyme complex 
to withstand heat is a test directly or indirectly of the stability of the entire 
cell -constituent complex. 

In a previous publication (3) it was reported that, with the approach of 
winter, French red clover roots increased in non-protein nitrogen more rap- 
idly than did Ohio roots. Whether this increase in non-protein nitrogen 
occurred through proteolysis or simply by accumulation of soluble nitrogen 
not yet organized into protein cannot be determined. The present investiga- 
tion shows that the proteolytic enzymes in the Ohio clover roots were capable 
of hydrolyzing more protein in a given length of time than were those in the 
French clover roots. 

Similarly under field conditions proteolysis was more rapid in the Ohio 
crowns than in the French crowns (3). Yet in the autolysis experiment 
greater proteolysis occurred in the French crowns than in the Ohio crowns. 

It is considered that a high level of sugars in plants helps to prevent 
protein precipitation. The writers have shown (2, 3) that the Ohio variety 
of red clover is nearly always higher than the French variety in sugars and 
starch. At the same time the French variety usually maintains the higher 
proportion of its total nitrogen in the form of protein. 

It is quite possible that the analytical determinations designed as indices 
of cold-hardiness are not of equal value for all plant species. 

Summary and conclusions 

1. The results of this investigation suggest that the adaptability of the 
red clover plant to winter conditions is closely associated with its rate of 
carbohydrate metabolism. The enzymes active on starch in the French 
variety (less hardy) were capable of hydrolyzing a greater proportion of the 
starch in a given length of time than were those in the Ohio variety. The 
proteolytic enzymes in the Ohio clover roots were more active than were those 
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in the French clover roots. A reverse relationship existed for the proteolytic 
enzymes in the crown tissue. 

2. Heating the macerated clover tissue to 70° C. for 1 hour did not destroy 
the carbohydrate and proteolytic enzymes, although accumulation of sugars 
and non-protein nitrogen was not so great as in the untreated samples. The 
enzymes in the French variety of red clover were injured more than those 
in the Ohio variety by the heat treatment. This protected enzymatic activity 
is correlated with larger percentages of sugar and amino nitrogen in the 
Ohio variety than in the French variety. 

3. Exposure of the tissue to - 22° C. for 1 hour previous to autolysis did 
not greatly influence the enzymatic activity, when compared with the check. 
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WATER ABSORPTION IN THE COTTON PLANT AS AFFECTED BY 
SOIL AND WATER TEMPERATURES^ 

C . H . A E N D T 

Introduction 

In experiments at the South Carolina Experiment Station with solution 
cultures of cotton {Gossypium hirsutum L.) it was occasionally noted in early 
spring that severe wilting occurred in the morning when the greenhouse 
temperature had fallen as low as 16“ C. during the preceding night. This 
unusual wilting was apparently due to sunlight causing a rapid rise in air 
temperature when the solution temperature was low ; for the plants recovered 
quickly when the air temperature was lowered by ventilation until the solu- 
tions had become warmed to about 20“ C. Similar morning wilting was 
observed in plants growing in soil when soil temperature was much lower 
than a rapidly rising air temperature. Because the relation of root absorp- 
tion to soil temperature is of great importance in the study of plant-water 
relations and also beeau.se the soil and solution temperatures which led to 
the wiltings just mentioned are higher than those reported for other plants, 
a study was undertaken to obtain information concerning the relation of 
root temperature to wilting in the cotton plant under otherwise favorable 
conditions for its healthy functioning. Some results of that study are 
briefly set forth in this paper, in the preparation of which the author has 
been aided by Professor Burton E. Livingston of the Johns Hopkins 
University. 

Materials and methods 

Observations were made on plants growing in solution and soil cultures. 
In the latter, young, vigorous, six- week-old plants were used; these had been 
grown in sheet-metal cylinders (25 cm. in diameter and 30 cm. deep), con- 
taining 18 kg. of a fertile sandy-loam soil. The average water content of the 
soil was held at 60 per cent, of the water-holding capacity, the water loss 
being replaced semi-weekly. To cool the soil, the cylinders were set in a 
tank of colder water, the water surface being about 3 cm. above the level of 
the free soil surface. The water temperature was maintained at approxi- 
mately 1“ below the desired soil temperature by means of an electric auto- 
matic water heater and a manually controlled stream of cold water from 
a refrigerating machine. When the desired soil temperature had been 
reached, the water bath was raised to that temperature. When lowering 
of soil temperature was not over 10“, approximately uniform soil tempera- 

» Technical contribution no. 46 (new series). South Carolina Agricultural Experiment 
Station. 
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tures could be established throughout the soil mass in 5 hours. The soil 
temperature was measured at a depth of 4 cm. in the axis of the cylinder ; 
if the temperature of parts of the root system differed from this, it was 
undoubtedly always slightly lower rather than higher, and the total differ- 
ence was never more than one or two degrees. 

In the solution-culture studies, 8 -week-old plants, averaging 60 cm. in 
height, were used. These were well branched and leafy, with numerous 
floral buds and even young bolls. Two-liter Erlenmeyer flasks were used as 
containers, a single plant in each. The solution employed, which had been 
found quite satisfactory for the cotton plant, had the following composition : 
KNO 3 , 0.0014M; CaCNOa)^, 0.0028iMr; KH,PO„ 0.0007M; and MgSO^, 
O.OOlilf ; ferric citrate, O.OOOOlilf ; MnS 04 and NagB^O^, each 0.000023f ; and 
CUSO 4 , 0.0000005M. The solutions were renewed semi-weekly, water being 
added as needed to maintain a solution volume of 2 liters. To prevent exces- 
sive heating of the solutions by sunlight, each flask was placed in a 9-liter 
stone-ware jar, with excelsior packing, both jar and flask being covered with a 
cone of thick paper with a central opening for the plant. During the growth 
period the solution temperature showed a daily range of approximately 
20°-35°. The solution temperature was lowered by a procedure similar to 
that employed for the soil cultures. During the cooling, heat transfer was 
accelerated by slowly bubbling air through the solution and by an occasional 
shaking. In other experiments cooling was accelerated by replacing the 
solution with a fresh one at the desired temperature before placing the flask 
in the water bath. 

When roots were to be heated, a large cylindrical water bath was brought 
to the desired temperature before the plant container was suspended in it. 
This temperature was maintained throughout the experiment by means of a 
manually controlled electric heater. The container fitted closely into the 
cover of the bath and a large circular sheet of cardboard was fitted closely 
around the base of the plant, to prevent heated air from rising around the 
plant. 

Air temperature and humidity were recorded by means of a shaded 
hygrothermograph adjacent to the plants on which the observations were 
being made. 

Experimentation 

Unless otherwise noted, all experiments here described were performed 
in full sunlight in an unshaded greenhouse between April 1 and August 25, 
1933. Wilting of the plants first became evident as a loss of turgidity of the 
leaves and a drooping of their margins. At a more advanced stage (recorded 
as severe wilting) there was noticeable drooping of the petioles and ends of 
the branches. During the heat-treatments the areas between the veins 
usually became noticeably bleached. These bleached areas disappeared on 
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cooling the roots^ only to reappear several days later as yellow to brown 
areas. Such affected leaves usually dropped from the plant within a week. 

Wilting induced by sudden lowering of solution temperature 

In twelve tests in which the temperature of the root system was suddenly 
lowered by replacing the old solution with a new and colder one, the latter 
being from 10° to 23° colder than the former, wilting began within 20 
to 75 minutes. The length of this period showed no consistent relation to 
(a) the solution temperature at which wilting occurred (which varied from 
11° to 16°), to (b) the initial solution temperature (which varied from 
28° to 36°), to (e) the temperature lowering to which the roots were sub- 
jected (which varied from 10° to 23°), to (d) the current air temperature 
(which varied from 32° to 36°), to (e) the difference between root and cur- 
rent air temperature (which varied from 17° to 24°), or to (f) the current 
relative humidity (which varied from 25 to 50 per cent.). The following 
examples illustrate the actual results of specific experiments: 

(1) Solution temperature lowered from 28° to 14°; wilting observed in 
20 min., at air temperature 38°, relative humidity 35 per cent. ; solution was 
then allowed to become warmer and plant had fully recovered in 85 min., 
solution temperature then being 22°. 

(2) Solution temperature lowered from 33° to 11° ; wilting observed in 
17 min., at air temperature 35°, relative humidity 45 per cent. ; leaves flaccid 
and petioles drooped after additional 15 min. ; plant fully recovered 3 hr. after 
removal from the cold bath when solution temperature had risen to 25°. 

(3) Solution temperature lowered from 30° to 15°; wilting observed 
in 45 min., at air temperature 34°, relative humidity 50 per cent. ; solution 
then allowed to become warmer, plant fully recovered in 45 min., when 
solution temperature had risen to 22.5°. 

Wilting induced by gradual lowering of solution temperature 

When the temperature of the roots was lowered gradually by immersing 
the flask in the cold bath without changing the solution, the processes leading 
to wilting went on concurrently with cooling, which was usually still in 
progress when wilting was first observed ; at this time record was made of 
solution temperature and of the time elapsed since cooling began (which is 
here the same as the wilting time). In eleven tests in which initial solution 
temperature varied from 20° to 32° and time of cooling varied from 30 to 
120 min. (with air temperature ranging from 30° to 39° and relative humid- 
ity from 20 to 50 per cent. ) , the plants wilted at various temperatures between 
10° and 18.5°. There were no apparent relations among: (a) temperature 
difference between solution and air at time of wilting, (b) extent of cooling, 
and (c) wilting temperature; but larger solution-air differences generally 
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corresponded to more extensive cooling and to lower wilting temperatures. 
Conversely, none of the three variables just mentioned showed any consistent 
relation either to (d) wilting (cooling) time or to (e) rate of cooling, but 
the latter (d and e) were clearly related to each other j i.e., when the rate of 
cooling was rapid the wilting time was short, and conversely, as might be 
expected. It may be said in general that, within the frame of these experi- 
ments, wilting began at solution temperatures between 10® and 18.5° and 
that it occurred more promptly when root temperature was lowered rapidly 
than when cooling was more gradual. The following detailed accounts are 
representative of the tests with gradually cooled solutions : 

(1) Initial solution temperature 21°; wilting began after 30 min., at 
solution temperature 16.5° ; air temperature 32° and relative humidity 35 
per cent, at the beginning of visible -wilting. 

(2) Initial solution temperature 21° ; solution cooled for 105 min., when 
wilting began, at solution temperature 15.5°; air temperature at beginning 
of visible wilting 35°, relative humidity 25 per cent. 

(3) Initial solution temperature 30°; solution cooled for 30 min., when 
wilting began (11 : 15 a.m.) , at solution temperature 18.5° ; air temperature 
at beginning of wilting 38°, relative humidity 20 per cent. Solution was then 
allowed to warm to air temperature and recovery was complete before 
2 : 45 P.M., when air temperature was 29.5° ; solution was then cooled until 
it reached a temperature of 11.5°, after 110 min. (4 : 35 p.m.) but plant did not 
wilt ; air temperature at this time 35°, relative humidity 40 per cent. ; sky had 
been overcast since 2 p.m. Failure to wilt at this low solution temperature 
was apparently related to cloudiness (see below, effect of shading soil cul- 
tures at low soil temperature), decreased air temperature, and increased 
relative humidity. 

(4) Initial solution temperature 25° ; solution cooled for 40 min., when 
wilting began, at solution temperature 10°; air temperature at this time 
35°, relative humidity 50 per cent. Solution was then held at 10° for 4 hours 
longer, at the end of which period (late afternoon) all leaves were flaccid 
and petioles and ends of branches drooped. Plant regained turgidity the 
following night with solution at the temperature of the greenhouse, but on 
the following morning some of the younger leaves were observed to be 
slightly blackened on their margins. Several days later areas between the 
veins of these same leaves and of some of the other young leaves, which 
had not yet reached their full size, became somewhat yellowish and remained 
so for several days. Subsequent gro-wth was apparently normal, excepting 
that many young roots had been injured. These had lost their geotropic 
sensitiveness and elongated at right angles to the pull of gravity ; they became 
somewhat hooked at the ends and each showed a marked constriction behind 
the tip, ♦ The injured roots elongated only slightly, but many healthy 
branches developed from their older portions. 
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Wilting induced by lowering of soil temperatures 

In studying the influence of unusually low soil temperatures on infection 
of cotton seedlings, wilting of healthy plants had been observed on clear 
days with high greenhouse temperature and low relative humidity at times 
when soil temperature was about 18° or lower. The soil temperature at 
which such wilting occurred was apparently always essentially the same 
whether the plants had been grown at constant soil temperatures (18°, 21°, 
24°, 27°, 30°), or had been subjected to the daily temperature fluctuations 
of the greenhouse, or had been subjected to artificially controlled semi-daily 
temperature alternations (30° by day and 16° by night) ; also whether the 
liolard at the time of wilting represented 80 per cent, of the water-holding 
capacity of the soil, or only 60 per cent. This wilting was observed, how- 
ever, only in full sunlight ; it was never observed on cloudy days, even when 
soil temperature was below 18° and air temperature was relatively high. 
Furthermore, plants that had wilted in this way on clear days regularly 
exhibited rapid recovery in the late afternoon when the intensity of solar 
radiation was rapidly diminishing. 

Some special experiments were carried out concerning the effect of shad- 
ing on the occurrence of wilting. Plants grown in the usual soil containers 
were arranged in pairs in the same cold water bath ; one of each pair was 
left in full sunlight, while the other was shaded from direct sunlight by a 
60-cm. square of thick cardboard supported horizontally 20 cm. above the 
plant, so that air circulation around the plant would not be greatly modified. 
These tests were made on clear days in July. The unshaded plants wilted 
more or less promptly at a soil temperature of 18°, but none of the shaded 
plants wilted. It therefore appears that intense sunshine and low soil tem- 
perature acted in conjunction to produce wilting. The following accounts 
are representative of these tests with shaded and unshaded plants. 

(1 ) At 8 ; 30 A.M. on July 23 a pair of similar plants were placed in the 
cold water bath (temperature 16°), w^here they remained until late in the 
afternoon of the next day. At 12; 15 p.m. the unshaded plant was very 
noticeably wilted but the shaded one showed no wilting. Soil temperature 
was then 18° in the central axis, 16° at the margin, air temperature was 36° 
and relative humidity was 45 per cent. At 3 ; 00 p.m. (air temperature 37°, 
relative humidity 35 per cent., soil temperature as above) the shaded plant 
was still unwilted but wilting of the unshaded plant was more pronounced 
than at 12 : 15 p.m. (At this time it was observed that similar cultures on a 
nearby greenhouse bench — unshaded and with soil temperature 41° — showed 
no wilting.) During the night the wilted plant recovered and appeared per- 
fectly healthy at 8 : 30 a.m. the following morning, when soil temperature 
in the central axis was 17°, air temperature and relative humidity being 30° 
and 60 per cent. The leaves of the unshaded plant became gradually more 
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flaccid until 2 : 30 p.m., when the shade was removed. At that time (air 
temperature 36°, relative humidity 35 per cent.) the shaded plant remained 
apparently unaffected. At 4 : 45 p.m. both plants were severely wilted. 

(2) July 7, 2 : 15 p.m., cultures with soil temperature 32° were placed 
in water baths at 18°, 20°, 22°, and 29°. At 5:00 p.m. (air temperature 
38°, relative humidity 20 per cent.), when the soil masses had reached ap- 
proximately the same temperatures as the baths, the plants in the 22° and 
the 29° baths were unwilted; those in the 20° bath (soil 22°) were slightly 
wilted; while those in the 18° bath (soil 20°) were badly wilted. At 8: 30 
A.M. the following day (air temperature 25°, relative humidity 55 per cent.), 
none of these plants was wilted, although the soil in the 18° bath had been 
cooled to 15° by cutting off the electric heater and increasing the supply of 
cold water. Because of inadequate cold-water supply, the temperature of 
that bath rose slowly and at 11 : 00 a.m. the soil had reached a temperature 
of 18° and the plants were slightly wilted (air temperature 33°, relative 
humidity 25 per cent. ) . At 3 : 00 p.m. these same plants were severely wilted 
(petioles drooping, youngest leaves more wilted than old ones), although the 
soil had reached a temperature of 20° at a depth of 4 cm. in central axis (air 
temperature 39°, relative humidity 15 per cent.). The plants in the 22° 
soil were unwilted. All wilted plants recovered quickly after sunset, even 
in the coldest bath, in which the soil temperature had again fallen to 18°. 

(3) July 16, 10 : 00 A.M., six cultures were placed in water bath at 20° ; 
at 2 : 00 P.M., with soil temperature approximately like that of bath, all plants 
were unwilted (air temperature 36°, relative humidity 20 per cent.). Three 
of these plants were then removed to a 17° bath. At 4 : 20 p.m (air tempera- 
ture 37°, relative humidity 20 per cent.) all plants in the 17° bath (soil 18°) 
were severely wilted, but those in the 20° bath (soil 20°) still showed no signs 
of wilting. 

(4) July 15, 10 : 00 A.M., several cultures with soil temperature 22° were 
placed in bath at 16°. At 10 : 40 a.m. plants were severely wilted (soil tem- 
perature at 4 cm. depth 16° in center and 19° near margin ; air temperature 
32°, relative humidity 28 per cent.). Cultures were then removed to green- 
house bench and plants had completely recovered 35 min. later, at which time 
soil temperature near margin of cylinder had risen to 20° (air temperature 
and relative humidity approximately the same as at 10: 40 a.m.). 

In full sunlight, with low relative humidity and air temperature 30° to 
40°, the plants generally wilted at soil temperatures from 16° to 20°, the 
higher soil temperatures being generally associated with the higher air tem- 
peratures and lower humidities. Thus the plants growing in soil wilted at 
slightly higher temperatures than those growing in solution cultures. 



ARNDT: WATER ABSORPTION IN THE COTTON PLANT 


709 


Wilting and other injuries induced by raising solution 

TEMPERATURE TO 60° C. OR HIGHER 

Several earlier studies, which have been reviewed by Kramer (12), and 
to which he has added confirmatory observations on cotton and several other 
plants, have shown that plants, whose roots have been killed by high tem- 
peratures, may remain unwilted for several days. Some of the writer’s 
results from experiments with heated roots are in essential agreement with 
the earlier observations, but some additional effects of the temporary appli- 
cation of high temperature to cotton roots are to be noted. 

In routine solution cultures of cotton grown in the greenhouse, the solu- 
tion temperature frequently reached 40° and remained so for several hours 
on bright sunny days with no apparent injury to either tops or roots. In 
special experiments, heating the solution for 75 min. at 50° produced no 
noticeable injury and no reduction in the rate of transpiration. Prompt 
wilting and subse<iuent additional symptoms of injury were produced, how- 
ever, when the solution around the roots was heated to 70° during a 75-min. 
period and then held at that temperature for 15 min. For the first day after 
this treatment, a plant thus treated transpired at about the same rate as 
the unheated controls ; but for the second day and the five succeeding days, 
its daily transpiration rates were respectively only 14, 31, 38, 19, 23, and 14 
per cent, of the corresponding control rates. The effect of this heat treat- 
ment on transpiration was thus not immediate, but it became evident after 
24 hours. The a(*tual water loss after treatment, however, was considerable, 
being (for the 7 days in order) 115, 30, 60, 110, 50, 50, and 30 gm. On the 
last day of this record the transpiration for the control plant was 220 gm,, 
or about seven times as great as that of the heated plant. Similar results 
were secured with respect to transpiration when the solutions were heated 
to 60°, except that the retardation of transpiration was more gradual and 
longer delayed; e.g.^ a plant whose solution had been heated to 60° in 30 
min. and kept at that teiujierature for 75 min. gave the following successive 
rates of water loss (expressed as percentages of the corresponding control 
rates) : 95, 93, 37, 24, 19, 14 gm. Thus notable retardation was not notice- 
able until the third day, after which it became gradually more pronounced 
until both the 60°- and 70°-treated plants showed the same degi’ee of retarda- 
tion. These observations suggest that, although these heat treatments killed 
or greatly’’ injured the roots, the latter were able to supply water to the rest 
of the plant at an adequate rate for a day or more after the treatment — ^the 
length of this period being shorter with the more severe treatment. 

Additional symptoms of injury that accompanied or followed these heat 
treatments were readily observed. When the solutions were heated to 60° 
or higher, numerous gas bubbles escaped from the root lenticels while heat- 
ing was in process, apparently because of gas expansion in intercellular 
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spaces. Also, wilting of the older leaves occurred while the 70® treatment 
was in progress, but wilting did not occur with the 60® treatments. The 
70®-treated plants recovered from wilting during the night and were appar- 
ently healthy the following day. Concurrently, however, with the reduction 
of transpiration on the second day after treatment, wilting of the older 
leaves again became apparent, areas between the veins became discolored, 
and there was no subsequent recovery. All plants subjected to solution 
temperature of 60®, or higher, for a period of 60 min. showed conspicuous 
light-colored areas between the veins of the older leaves before the end of 
the heating period. After the solution or soil had cooled to air temperature 
these areas disappeared, but they reappeared a day or two later as con- 
spicuous yellow or yellow-brown areas. Leaves so alffected became abnor- 
mally rigid and leathery, never recovered, and eventually fell from the 
plant. The larger veins of the leaves of the 60®-treated plants retained 
their bright green color for several days after the discoloration of neighbor- 
ing areas. Before a leaf dropped these veins often became darker brown 
than the rest of the leaf, appearing much like veins discolored through leaf 
infection by Phyiomonas malvacearum. All such leaves were shed from 
the 70°-treated plant within a week ; but they were retained somewhat longer 
(8-10 days) on the plants whose roots had been subjected to the 60® treat- 
ment. The youngest leaves showed no discolored areas and were retained 
longest. Some flowers opened quite normally, even after all but the very 
youngest leaves near the stem tip had fallen. 

Roots that received the 70® treatment made no real growth subsequent to 
the treatment, although some of the tips enlarged noticeably, became bulbous, 
and retained their usual color for several days. All of them died and became 
brown within a week. Following the 60® treatment, some elongation of 
roots continued for several days ; but the new root region formed was irregu- 
lar in diameter and its apical portion tended to become bulbous, as when 
roots had been subjected to 10® for 4 hours. The older portions of the roots 
seemed to have been more severely affected by the treatment ; they became 
dark brown and were apparently dead within a few days. After two weeks 
all roots were flaccid, gelatinous, and unquestionably dead. 

Sections cut a week after the most severe treatment (70®) showed the 
xylem of the tap root to be dark brown, and brownish streaks were observed 
extending upward into the xylem of stem, branches, and petioles. Root 
cortex was obviously dead, but stem cortex was still green and showed no 
signs of injury. After a recovery period of three weeks, plants that had 
received the 60® treatment showed no discoloration of root xylem ; but the 
root cortex was dead, excepting a small portion that had been above the 
level of the solution surface at the time of treatment. On the other hand, 
a bi*!OWnish discoloration was evident in the xylem above the collet, in 
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streaks which were progressively less pronounced farther up. In a 60®- 
treated plant sectioned after 12 days, some discoloration was present even in 
the petioles. All leaves on the 60® plants at the time of treatment dropped 
before the end of three weeks. At that time there were some weak green 
shoots arising from the lower portion of the main stem. 

Injury induced by raising soil temperature to 60 ® C. or higher 

Experiments in which the soil temperature was temporarily raised to 60° 
or 63® gave results similar to those obtained with the heat-treated solutions. 
On clear warm days, when the aerial surroundings were such as to produce 
relatively rapid transpiration, these heat treatments of plants in soil always 
produced pale or nearly white areas between the larger veins of the leaves 
while the treatment was in progress. More or less wilting usually occurred 
during the treatment ; in several instances even the tips of the branches lost 
their turgidity. When the soil was cooled to greenhouse temperature im- 
mediately after the treatment, the discolored areas between the veins disap- 
peared and the plants regained their turgidity. No sign of wilting or 
discoloration was present on the day after treatment, but after an additional 
day or two those leaves that had become severely discolored during treatment 
became flaccid and did not regain turgidity. All regions that had become 
discolored during treatment and had then apparently recovered became pale 
yellow again at this time, drying up and turning brown within several days. 
All such discolored leaves dropped from the plant within two weeks. Simi- 
lar discolored areas appeared on leaves that had not wilted during treatment 
but had shown discoloration at that time. As in the solution cultures, these 
leaves soon became unusually rigid and leathery and later dropped from the 
plant. 

A typical example may represent these experiments with heated soil. At 
2:00 P.M., a healthy plant (soil temperature 40®, holard 60 per cent.) was 
transferred from the greenhouse bench to a 60® water bath. At 6 : 00 p.m. 
(soil temperature at the 4 cm. depth 56° in center and 65° near margin) the 
older leaves were severely wilted and there was a pronounced discoloration 
between veins in many unwdlted leaves as well as in the wilted ones. The 
plant was then returned to the greenhouse bench, where it regained turgidity 
and the discolored areas disappeared within several hours. There were no 
visible abnormalities the day after the treatment. Most of the discolored 
areas, however, again became very conspicuous on the second day, reappearing 
as yellowish areas, which became dry and brown within a few days. Leaves, 
thus affected, fell within 10 days; but the young leaves on the plant at the 
time of treatment were still apparently healthy at the end of 3 weeks, during 
which period new leaves had formed at the tip of the main stem. On remov- 
ing the plant from the soil at this time it was noted that all of the roots 



712 


PLANT PHYSIOLOGY 


present at the time of treatment were dead, that the xylem throughout the 
root system was brown, and that this discoloration extended upward in the 
stem xylem for 12 cm. In spite of this severe injury, new roots were arising 
from the collet region immediately below the surface of the soil and new 
branches were forming on the main stem. 

Discussion 

References to the literature concerning the physiological effects of low 
soil temperatures may be found in the writings of Kohnlein (10), Whit- 
field (17), Peirce (16), and Clements and Martin (6). It seems to be 
clear that wilting may be brought about, at least in a number of different 
plant forms, by a sufficient lowering of the root temperature in an ade- 
quately moist soil when transpiration is relatively rapid. Clements and 
Martin (6) induced visible wilting in sunflower at soil temperature of 4.5° 
(40° P.), but it required a still lower temperature to produce severe wilting. 
The only record of wilting at soil temperature above 4.5° appears to be that 
of Kohnlein (10, p. 411), who noted partial wilting of sunflower at soil 
temperature of 17.5° or 18.5°, but the air temperature of his greenhouse was 
42° ; this is considerably higher than the air temperature prevailing when 
Clements and Martin noted wilting in the same plant and it is also consid- 
erably higher than the air temperature at which cotton plants wilted for the 
writer with soil temperature 20°. KOhnlein also noted that his sunflower 
plants with soil at 18° wilted much more promptly than those with higher 
soil temperature in the same greenhouse. 

It seemed remarkable that cotton plants wilted with root temperatures 
no lower than 18° under air conditions that were not unusually favorable 
for rapid transpiration, while they wilted at still higher root temperatures 
(20° to 21°) under air conditions that should have promoted unusually rapid 
transpiration. Different kinds of plants grown under similar conditions, 
and even plants of the same species grown under different environmental 
complexes, might be expected to wilt with different degrees of root cooling, 
even when all influential conditions except root temperature were quite 
healthful and alike at the time of wilting. It seems probable that, for any 
previously healthy individual plant, wilting induced by root cooling should 
occur with different degrees of cooling according to the combination of air 
temperature, air moisture, and radiation prevailing at the time of wilting. 
Such suppositions are based on the familiar consideration that wilting of 
this sort, which is immediately due to inadequacy of foliar moisture, is deter- 
mined partly by the transpiration rate and partly by the rate at which water 
enters the leaves. In these root-cooling experiments the water-conducting 
capacity of the plants was surely not inadequate ; neither was the environ- 
mental water supply inadequate, for the soil cultures were well supplied 
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with soil moisture and the water supply in the solution cultures was practi- 
cally infinite. It therefore seems safe to suppose that these cold-root wir- 
ings were occasioned by inadequacy in the capacity of the root systems to 
receive sufficient water from without and to permit its rapid movement into 
the conducting channels. 

The capacity of a root system to receive water from the soil solution is of 
course dependent partly on the extent of the absorbing surfaces, partly on 
the rate of water movement from root to stem (essentially the current 
transpiration rate in such plants as cotton), and partly on the more or less 
obscure conditions that are effective within the root tissue between the 
absorbing periphery and the conducting channels. Lowering the root tem- 
perature, as in these experiments, surely could not have reduced the extent 
of the root surface, nor did it increase the transpiration rate. Consequently 
it appears that the cold treatment either reduced the capacity of the root 
tissue to receive water from an adequate external supply or else reduced its 
capacity to let water move into the vessels. 

As to the manner in which the living cortex of the absorbing region of 
the root might possibly be markedly more resistant to water passage at 
to 20® than at 30® to 40® a number of different hypotheses might be sug- 
gested, but to test them logically would require quantitative experimental 
data that are not yet available. Two possible hypotheses may be mentioned 
in a roughly qualitative way : (1 ) A very simple hypothesis may be based on 
the temperature relation of the viscosity of water, which is about one and 
one-half times as great at 20® as at 40®. At a specified pressure gradient 
water moves through finely porous material more rapidly as the temperature 
is raised. The pressure gradient by which water moved through the root 
cortex into the xylem in the experiments of this study could not have been 
increased, since negative pressure in plants becomes more pronounced with 
the approach of Avilting. It follows that a reason for the slower water move- 
ment at lower than at higher root temperatures, as shown in these experi- 
ments, is to be sought in increased resistance rather than in decreased pres- 
sure gradient. According to this hypothesis such increased resistance is 
considered as due wholly to change in water viscosity ; the colloidal structure 
and arrangements of non-water materials in the root being assumed as not 
effectively altered when root temperature is lowered. For some experimen- 
tal findings concerning the influence of water viscosity on water movement 
through porous porcelain reference may be made to Christiansen, Veih- 
MEYER and Gtvan (6). The observations of Bode (3) on the effect of 
temperature on the passage of water from soil through the roots of the sun- 
flower to the stem and those of Kramer (13) on the absorption of water from 
the soil by porcelain cones lend support to this hypothesis. (2) The tem- 
perature relations of solation and gelation in colloidal material might be 
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introduced as the basis for another qualitatively plausible hypothesis, if it 
is roughly supposed that the cortex cells interpose a greater resistance to 
water passage at lower than at higher temperature, not only because water 
is somewhat less fluid at lower temperatures but also because of changes in 
the ultramicroscopic arrangement, distribution, or configuration of their 
non-water material. Changes induced by lowering the temperature of the 
protoplasts may be readily supposed to render the entire tissue less permeable 
to water passage, as if the paths of water movement through them were 
narrowed or had become less numerous with decreasing temperature. Fur- 
thermore, it is at least logically possible that the ultramicroscopic porosity 
of the cell walls of the absorbing root cortex — ^including walls in immediate 
contact with the environmental water — may sometimes be reduced as the 
temperature is lowered. 

It may be added that if the rate of water movement through the absorbing 
root cortex into the xylem (when the external water supply is adequate) is 
generally influenced by some sort of protoplasmic pumping action — as many 
writers have supposed — ^that action would be less effective as the water 
viscosity becomes greater and as permeability of the cortex and walls to 
water becomes less. Furthermore, the pumping action itself might be less 
vigorous at lower than at higher temperatures, which would be expected if 
such action really exists and if it is associated with respiratory activity — ^as 
suggested by Leta Henderson (8) ; for respiration is generally less rapid 
at lower than at higher temperature. But of course changes in cortex per- 
meability — as those of solation and gelation — might be supposed to be 
greatly influenced by intensity of metabolic oxidation, whether pumping 
action is hypothesized or not. In this connection it is interesting to compare 
the soil temperature at which wilting occurred (20° to 21®) when conditions 
were favorable for rapid transpiration with the temperature relations of 
seed germination and subsequent growth in this tropical and subtropical 
species. Camp and Walker ( 4 ) and Arndt ( 1 ) have observed that a soil 
temperature of about 27° was necessary for good top growth when air con- 
ditions were favorable, and Fung (7) found that the optimal air tempera- 
ture for top growth was 30° higher. Some unpublished studies by the 
writer gave similar results. The writer has observed good root development 
at 24°, but then even at favorable air temperatures, top growth was retarded, 
as though the rpot systems were failing to supply the tops adequately with 
water or minerals, or both. Furthermore, germination percentage was found 
to be much reduced when the soil temperature was maintained at 18° to 19° 
( 4 , table IV; 1 ), which is about the same as the minimal soil temperature at 
which the cotyledons could be raised above the soil surface. With a soil 
temperature between 18° and 20° the cotyledons that did appear above the 
soil 3 pemained yellow for a week or longer, as though the roots were not sup- 
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plying requisite materials at an adequate rate. It is thus seen that the crit- 
ical soil temperature for wilting of cotton in the cold treatments described 
in this paper is not greatly different from what has been found to be the 
minimal temperature for healthy seed germination and seedling develop- 
ment, while it is only slightly below the soil temperature necessary for healthy 
root growth. 

The results here presented on the effects of lethal high temperatures 
when applied to previously healthy plants are in essential agreement with 
previous observations, as reported for cotton and other plants by Kramer 
(12), but the present account adds observations on previously unreported 
wilting of leaves at the time of the treatment, also on the bleaching of 
regions between the veins while heat treatment was in progress, and on the 
subsequent history of these injured regions. Wilting was observed while 
the heat treatment was being applied (a) when the solution was heated to 
70® and maintained at that temperature for 15 minutes, also (b) when the 
soil temperature was raised to 56® or 65® (four hours being required to 
reach 56® in the center of the soil container after it had been placed in a 65® 
water bath). That this wilting was not due to heat effect on water viscosity 
is obvious. It is also obvious that whatever caused this loss of leaf turgor 
ceased to be operative shortly after the root temperature was reduced to 36®, 
for the treated plants soon recovered. It appears, however, that the rate of 
movement of water through the cortex was, in those cases, temporarily low- 
ered in some way during heat treatment. This may suggest a reversible 
change of some kind in the root tissues, but since there is little information 
available in this connection it would be premature to attempt hypotheses 
concerning the possible nature of such a change. 

That killing most of the root system by heat did not immediately i*educe 
transpiration considerably (and subsequently reduced it only slowly) 
renders it probable that dead or severely heat-injured roots were still suflS- 
ciently absorptive and sufficiently permeable to water to keep the foliage 
adequately supplied for a considerable period. If some kind of pumping 
action dependent on healthy protoplasm in the roots were necessary for 
maintaining the transpiration stream at an adequate rate it might be 
expected that wilting should occur promptly with the application of heat to 
the root system, without the maintenance of the original transpiration rate 
for a day or more thereafter. For a somewhat thorough discussion of a 
similar problem to the one here suggested, reference may be made to Overton 
( 14 , 16 ) and Kramer ( 11 , 12 ). It is clearly apparent that the vessels of 
the heat-treated plants did not become seriously plugged — as by gum deposits 
— during the heat treatments nor for at least a day or two thereafter. They 
may have become plugged still later. Berkley and Berkley ( 2 ) observed 
that water still passed upward rapidly through the stems and petioles of 
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their cotton plants after these organs had been killed by high air tempera- 
tures. Some time after the roots were killed their previously living cells 
must have collapsed completely, but their coarser structure was apparently 
maintained as long as the original transpiration rate was not greatly reduced. 
Otherwise, it is difficult to imagine them maintaining adequate capillary 
contact with the moisture films of the soil. 

Discoloration of the areas of the older leaves while the roots wer.e receiv- 
ing the injurious or lethal heat treatment may not have been due to an 
inadequate water supply of the leaves. When cotton plants wilted from the 
effects of drought, discoloration did not regularly occur and did not appear 
in plants wilted by application of low temperatures to the roots; but the 
discoloration here described was not unlike the permanent bleaching that 
may be produced by exposing cotton leaves to lethal air temperature, nor 
is it unlike the discoloration (called scald” by the cotton farmer) that 
appears at times on leaves of cotton plants infected with Fusarium vasin- 
fectum. The leaf discoloration that accompanied heat treatment of the 
roots was superficially suggestive of poisoning. Some sort of mildly toxic 
material formed in the heat-injured cells of the roots may perhaps have been 
promptly carried to the lower leaves in the transpiration streatn — or possibly 
in the phloem. If such a supposition is tenable it must be supposed further 
that the first mildly injurious effect in restricted regions of the older leaves 
was not lethal and was reversible, for the discolored areas between the veins 
vanished within a few hours after the heat treatment was discontinued — 
within 90 min. in one experiment, in which the leaves had not wilted. Per- 
haps if the heat treatments had been more severe or longer continued such 
spots would not have regained their normal green color. At all events it 
seems quite possible that this early discoloration was due to some toxic 
material that arose in or near the heated roots and was carried upward 
quickly, that its delivery in the leaves ceased or became much slower very 
soon after heating was discontinued, and that its localized injurious effects 
in the foliar tissue were reversible in rather prompt recovery. 

The second appearance of localized foliar discoloration, in the same areas 
as those previously discolored, also resembled some discolorations produced 
by poisons — ^for example, that produced by toxic concentrations of SO 2 on 
alfalfa in the experiments of HuiL and Thomas (9). This second discolora- 
tion sometimes first appeared as small, light brown spots (1 to 2 mm. in diam- 
eter), which rapidly coalesce^ to involve the entire area between adjacent 
large veins ; the discoloration finally spread to the veins, as already noted. 
A similar discoloration of the leaves was noted on the cold-treated plants, but 
only when the temperature was lowered to 10°, which temperature was also 
sufficiently injurious to cause abnormal root development. In these latter 
plants, as contrasted to the heat-treated ones, the young leaves near the top 
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of the plant, which had not yet attained full development, were the first to 
show discoloration. 

By the time of the second appearance of the brown areas on the leaves of 
plants whose roots had been heated, cell disintegration in the killed roots 
may have become greatly advanced and toxic material arising therein may 
have been of a more virulent type or more plentiful, or both, than during the 
short period of the heat treatment. The upward movement of such material 
might continue indefinitely, soon leading to local necroses in the affected 
leaves and to their eventual death. If these suppositions were approxi- 
mately correct, it might be said, following Overton (15), of the affected 
regions and finally of these entire leaves, that they dried out because of 
death rather than that they died because of an inadequate water supply. It 
is, of course, not necessary to suppose the toxic material of the first evanes- 
cent discoloration during the period of heat treatment to have been at all 
of the same sort as that involved in the subsequent effects. It might be 
expected that the later injury should appear most promptly in tissues of 
localized regions that had been previously slightly affected and had appar- 
ently recovered ; perhaps those tissues were originally unusually susceptible 
to injury of this sort and their recovery from the first poisoning may have 
been incomplete. 

The brown stain, which soon appeared in the xylem of roots, stems, and 
even petioles of the heat-treated plants and its greater intensity and upward 
extent as the heat treatment was made more severe, may be taken as evidence 
that unusual material of some sort had passed upward from roots to foliage, 
for such stain has not been found in healthy plants. Discoloration immedi- 
ately above the collet (i.e., just above the most severely treated region) was 
usually darker than in the roots. It may be supposed that soluble sub- 
stances not usually present in the transpiration stream were carried upward 
from the injured root systems, that some of these produced stain in the 
xylem vessels — ^perhaps also toxic effects in living cells of that tissue — ^and 
that some of them were responsible, first for localized injury in the leaves 
and then for the death of foliar tissue. 

In connection with these hypothetical considerations concerning possible 
effects of toxic emanations from roots that had been killed oi* severely injured 
by heat treatment, some special attention should be given to the clearly 
differentiated but somewhat similar symptoms of leaf injury that followed 
excessive cooling of roots in these studies. Those symptoms were confined to 
the younger leaves, near the top of the plant, while it was the older leaves 
that were injured by excessive heating of roots. When the cold treatments 
were severe enough to cause abnormal root development (approximately 
10®), the younger leaves were apt to show narrow regions of killed tissue at 
their margins on the day following the treatment and several days later 
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yellowish areas between the veins. There was no recovery of the marginal 
tissues, but the yellow areas between veins shortly disappeared, not leading 
to defoliation. The marginal injuries suggest effects of water deficiency and 
they might be regarded as analogous to tip burn. But the evanescent dis- 
coloration following cold treatment of the roots can hardly be attributed 
solely to excessive water deficit in localized regions, for such discoloration 
of young leaves is not commonly observed when plants are injured by ordi- 
nary drought when in the field. Perhaps these discolorations may indicate 
some form of mild poisoning, and it is at least logically possible to relate 
them tentatively to local accumulations — enhanced by foliar water deficit 
and transpiration — of toxic materials emanating from the injured roots. It 
will be recalled that these cold-treated plants exhibited some injury at the 
root tips and that the subsequent growth of many tips indicated physiological 
disturbance such as might result from disturbed metabolism and resultant 
toxic action. 


Summary 

1. Cotton plants growing in the greenhouse wilted on clear days when 
the temperature of the roots was sufficiently lowered for a short time. Solu- 
tion cultures showed this wilting when their temperature had been lowered 
to between 10° and 18° C. ; for soil cultures, with ample water supply, the 
highest soil temperature at which wilting occurred was generally somewhat 
higher, between 17° and 20°. The amount of this lowering necessary to 
produce wilting varied, being clearly dependent on air temperature, relative 
humidity, and sunlight intensity. 

2. Exposure of the roots of plants growing in solution or soil cultures to 
a temperature of 60° for 60 min. severely injured the roots and caused a 
marked reduction in the absorption of water by such plants. Plants in solu- 
tion cultures did not wilt while being heated to 60° in 60 min. A tempera- 
ture of 70° maintained for 15 min., however, did cause similar plants to 
wilt. Plants growing in soil wilted at a soil temperature of 60°. White 
areas appeared between the veins of the leaves during the heat treatments 
at 60° and higher. These discolored areas disappeared within several hours 
after the reduction of the soil temperature, only to reappear several days 
later as yellow or brown regions in which the tissues became dry and died. 
Leaves thus affected dropped from the plants within 12 days. 

3. The distal portions of some of '<|^e roots of plants in solution cultures 
were still capable of some limited elongation after an exposure to 60° for 60 
min. The newly formed parts were, howwer, irregular in diameter and 
the roots became fla,ccid and gelatinous after several days. Exposure of roots 
to 10° for several hours caused them to lose their geotropic sensitivity, 
resulted in partial inhibition of growth in the apical portions, and produced 
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an abnormal bending and distortion of such new growth as did arise from 
the injured apices. 

4. It is apparent that cooling of the roots produced wilting through low- 
ering the capacity of those organs to absorb water from without and to trans- 
mit it to the conducting channels. Such lowering might be occasioned, to 
some extent at least, through increase in the viscosity of water, which accom- 
panies cooling ; also it might result from a decrease in permeability of root 
protoplasts or cell walls, due to lowered temperature ; or it might result from 
retardation of some physiological activity of the root cortex (pumping 
action) induced by cooling. Wilting that occurred while the roots were at 
an injuriously high temperature may have been occasioned through lowered 
permeability of the root cortex or through production and upward movement 
of some sort of toxic material. Slight permanent leaf injury due to cold 
treatment of roots may perhaps have been due to inadequate water supply 
while the treatment was in progress, or possibly to toxic material. But the 
pronounced leaf injury and death of leaf tissues that followed several days 
after the heat treatment appears to have been due to injurious substances 
produced in the roots (most of which had been killed by the treatment) or 
possibly in the adjacent soil. This supposition is supported by the observa- 
tion that death of heat-treated roots and post-mortem changes therein were 
accompanied and followed by pronounced discoloration of the stem xylem, 
which had not been heated. 

South Carolina Agricultural Experiment Station 
Clbmson College 
South Carolina 
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FACTORS IN VARIETAL SUSCEPTIBILITY OF WALNUT FRUITS 
TO ATTACK BY THE WALNUT-HUSK FLY 

A. R. C. Haas 
(with six figures) 

Introduction 

The varieties of Persian walnuts (Juglans regia) differ considerably in 
the susceptibility of their fruits to attack by the walnut-husk fly (Bhagoletis 
compleia). Boyce (1) has made an intensive investigation of the bionomics 
of this husk fly and has placed the varieties of walnuts in two groups accord- 
ing to the degree of their susceptibility : 

Very susceptible Resistant (slightly susceptible) 

Eureka Placentia 

Franquette Seedling 

Klondike Ehrhardt 

Payne Ware 

Neff 

The maximum degree of hardness reached by husks during their develop- 
ment (as determined by the puncture-test method) was considered a varietal 
characteristic. The hardness of the husk was concluded to be the most 
important factor in determining the susceptibility of a variety to attack by 
the husk fly. The physical character of the husk in resistant varieties was 
found to be such that the fly could not puncture the surface layers in order 
to deposit eggs. 

The i)resent studies consider the nature of not only the physical but also 
the chemical factors involved in the varietal susceptibility of walnut fruits 
to attack by the husk fly. The results confirm the conclusions of Boyce (1) 
regarding the importance of husk hardness and indicate the complexity of 
the factors involved in such susceptibility. 

Materials 

Walnut fruits of three varieties at various stages in their development 
were secured^ from an orchard at Elsinore, California. In this location 
the fruits have not as yet encountered attacks of the husk fly. The varieties 
of walnut trees were interplanted and the cultural operations in the field 
were uniform. No dusts or sprays were applied to the fruits at any time. 

1 These fruits were secured through the kindness of Dr. R. S. Reid, Oceanside, Cali- 
fornia. 
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Walnut fruits of nine varieties were collected on August 24, 1935, from 
trees growing near Chino,* California. These fruits were obtained from 
trees subject to attacks of the husk fly. Dusts or sprays had been applied 
to these trees during the season and possibly have had some effect on the 
husks. 

Methods 

Soon after the fruits were picked, they were rapidly washed in running 
distilled water and were wiped dry. The husks were at once removed® by 
means of stainless-steel knives. The removed husks were transferred to 
weighed Pyrex dishes (uncovered moisture chambers about 10 in. in diameter 
and 2 to 3 in. high). Drying was carried on at temperatures below 60° C. 
in a large well-ventilated oven. When dry the material was finely ground 
in a Wiley mill. 

Husks of samples to be used for pH determinations were placed in 
rubber-stoppered dry bottles for two days in the freezing compartment of 
a refrigerator. The juice was then extracted from the husks at 25,000 lb. 
pressure and the pH values were determined by the quinhydrone electrode. 

The number of fruits per sample, the fruit size, variety, fresh and dry 
weights of the husks, the shells, and the kernels were recorded. In the 
determination of the ash, the dry plant material was first charred in an 
electric muffle at low temperature and was then cooled. The salts soluble 
in hot water were then removed from the char and the residue heated until 
white. The solution was added to the cooled residues and was evaporated 
to dryness. After ignition the ash was cooled in a desiccator and then 
weighed. 

Calcium was determined by titration of the oxalate with permanganate ; 
magnesium was weighed as the pyrophosphate ; reducing sugars were esti- 
mated by the Shafper-Hartmann method, and total pectin was determined 
as calcium pectate by the method employed by Buston (2). 

Experimentation 

pH in juice op husks 

The pH was determined in the juice extracted from the husks of two 
collections of the Elsinore fruits. The results shown in table I indicate that 
the juices in the husks of fruits of a resistant variety such as Placentia are 
more acid (lower pH) than those in the husks of fruits of susceptible varie- 
ties such as Payne and Eureka. 

2 These fruits were collected by Dr. A. M. Boyce, who was familiar with the varieties 
grown in that district. Orateful acknowledgment is made for this assistance. 

« Even though rubber gloves were worn in removing the husks from the shells, the 
juiee of the hooks penetrated the gloves and stained the fingers so severely that painful 
flesh wounds were sustained. 
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TABLE I 

Dbt uattes, ash, and pH or walnut husk juice 


Dry matter in 

100 CC. HUSK 
JUICE* 

Ash in 100 cc. 

HtSK JUICE* 

pH op husk 

JUICE* 

pH op husk 

JUICBt 

Variety 

Grams 

Variety 

Grams 1 

Variety 

pH 

Variety 

pH 

Neff 

7.22 

Neff 

2.082 

Franquette 

6.82 

July 19, 1935 

Franquette 

6.76 

Seedling 

1.694 

Payne 

6.01 

Placentia 

4.70 

Placentia 

6.53 

Payne 

1.674 

Klondike 

5.72 

Payne 

4.96 

Payne 

6.33 

Ware 

1.468 

Neff 

5.66 

Eureka 

5.54 

Ware 

6.09 

Klondike 

1.447 

Ehrhardt 

5.65 

August 20, 1935 

Seedling 

6.07 

Ehrhardt 

1.359 

Eureka 

5.54 

Placentia 

5.20 

Eureka 

5.92 

Franquette 

1.276 

Placentia 

5.46 

Payne 

5.61 

Ehrhardt 

5.83 

T^lacentia 

1.179 

Ware 

5.38 

Eureka 

5.60 

Klondike 

6.13 

Eureka 

0.812 

Seedling 

5.30 




* Fruits collected August 24, 1935, at Chino, California, 
t Fruits collected near Elsinore, California. 


The results (table I) for the pH of the juices in the husks of nine 
varieties of walnut fruits obtained near Chino, indicate that, with one excep- 
tion (Eureka), the varieties may be placed in the groups proposed by 
Boyce (1, p. 379) for the susceptibility and resistance of the varieties to 
husk fly attack in the field. Increased acidity as found in the present 
studies in therefore associated with greater resistance. 

TABLE II 

Day MATTER IN HUSKS AND SHELLS (WITH KERNELS) IN PRUITS COLLECTED AUGUST 24, 

1935, NEAR Chino, Calipornu 


Husks Shells with kernels 


Variety 

Dry matter in 
fresh weight 

Variety 

Dry matter in 
PRESH weight 


% 


% 

Ehrhardt 

9.03 

Klondike 

28.60 

Seedling 

10.16 

1 Franquette 

30.67 

Klondike 

10.21 

1 Eureka 

33.71 

Ware 

10.22 

Ehrhardt 

36.34 

Neff 

11.12 

Payne 

42.26 

Placentia 

11.14 

Neff 

43.47 

Payne 

11.33 

Seedling 

45.57 

Eureka 

12.25 

Ware 

46.14 

Franquette 

12.29 

Placentia - 

46.65 
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Dry matter 

In table II are given the percentages of dry matter in the fresh weight 
of the husks of fruits collected near Chino. With the exception of the 
Klondike, the varieties may be grouped according to the resistance grouping 
of Boyce (1> p, 379). The fresh husks of the more resistant varieties have 
the lower percentages of dry matter and conversely the higher percentages 
of water. Although the differences are small they are confirmed by the 
data given in table III for the Elsinore samples. The results (table III) 
indicate that the fresh husks of the susceptible varieties (Eureka and Payne) 
generally contain slightly greater percentages of dry matter than those of 
the resistant variety (Placentia). 

When the shells and the contained kernels are considered (table II), 
the resistance is greater (Ehrhardt variety excepted) with the higher per- 
centages of dry matter in the fresh weight. In the Elsinore samples this 
was the case only in the August collection. 

It is of interest in table III that the percentages of dry matter in the 
fresh husks reach a maximum in late June and then decrease, while the per- 
centages for the dry matter in the fresh shells (with kernels) increase 
throughout the season. 

Table IV gives data regarding the weights of husks, shells, and kernels 
on which the computations of the various chemical analyses were based. In 
the Elsinore samples the dry weights per husk decreased after July 19 
although in fruits of the Placentia and Pajuie varieties the fresh weights 
were still increasing. Also the dry weights of the shells (with kernels) 
and of the kernels increased at each fruit sampling although the fresh 
weights of the shells (with kernels) in Placentia and Payne decreased after 
July 19. It is of interest that the fresh weights of the husks and of the 
shells (with kernels) approximate one another at most times during the 
season and that after June 18 the dry weights of the shells (with kernels) 
greatly increase over those of the husks. The greater part of this increase 
occurs in the kernels. 

The fresh weights of the husks of the fruits in the Chino samples (table 
IV) exceeded those of the shells (with kernels) in all varieties with the excep- 
tion of the Klondike ; the dry weights of the husks, however, were consider- 
ably less than those of the shells (with kernels). 

Table I gives the grams of dry matter in the juice of husks in fruits of 
nine varieties. The juice was obtained as previously described and was 
filtered. No relation with the resistance of the husk to the attack of the 
husk fly was evident. 

Ash, calcium, and magnesium 

In table I are given the grams of ash in the filtered husk juice in fruits 
of nine varieties. No relation to husk fly resistance was found. It is seen 
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from the percentages of ash in the dry matter of the husks (table V) that 
with the exception of the Placentia variety the high percentages are asso- 
ciated with high resistance to attack by the husk fly. These results are con- 
firmed by the data given in table VI for the fruits collected at various times. 
With the exception of August 20, on which date the percentage for the Pla- 
centia variety is lower than that for the Payne (in agreement with the data 
in table V), the high percentages of ash are associated with increased 
resistance. 

No association of resistance was found with the percentages of calcium 
in the dry matter of the husks (tables V, VI). 

Except for the Payne variety in the August samplings, the high per- 
centages of magnesium (tables V, VI) were related to increased resistance 
to husk fly attack. Table VI indicates that, prior to August, the percentages 
for the Payne and Eureka varieties are less than those for the Placentia. 

The changes in the resistance position of the Placentia variety as regards 
ash and of the Payne as regards magnesium (table VI) is in confirmation 
of the results of Boyce, who found that during the latter part of the season 
the hardness of the husks, which is a factor in resistance, may undergo con- 
siderable change, 

TABLE V 

Ash, calcium, magnesium, potassium, sodium and total phosphorus as percentages 

IN DRY MATTER OP HUSKS IN FRUITS COLLECTED AUGUST 24, 1935, 

AT Chino, California 


Variety 

Ash 

Variety 

Calcium 

Variety 

Magnesium 


% 


% 


% 

Seedling 

15.40 

Payne 

0.82 

Payne 

0.226 

Neff 

14.06 

Seedling 

0.56 

Ware 

0.175 

Ware 

13.39 

Placentia 

0.54 

Neff 

0.125 

Ehrhardt 

13.32 

Ehrhardt 

0.53 

Placentia 

0.123 

Klondike 

13.20 

Ware 

0.52 

Ehrhardt 

0.110 

Payne 

12.00 

Eureka 

0.49 

Seedling 

0.093 

Placentia 

10.63 

Neff 

0.43 

Pranquette . .. 

0.087 

Pranquctte . . 

9.66 

Pranquette . . 

0.33 

Eureka 

0.073 

Eureka 

8.28 

Klondike 

0.24 

Klondike 

0.064 






Total 

Variety 

Potassium 

Variety 

Sodium 

Variety 

PHOS- 






PHORUS 


% 




1 % 

Seedling 

7.71 

Seedling 

0.27 

Klondike . .. ... 

! 0.240 

Klondike 

7.04 

Ehrhardt 

0.24 

Pranquette .... 

0,225 

Neff 

6.98 

Neff 

0.17 

Neff 

0.220 

WflTfi 

6.48 

Ware 

0.14 

Ware 

0.210 

Payne 

5.64 

Klondike 

0.12 

Seedling 

0.193 

Placentia 

6.30 

Payne 

0.10 

Ehrhardt 

0.138 

Ehrhardt 

6.23 

Eureka 

0.10 

Eureka 

0.130 

m Ti nil of f u 

4, 97 

’Pin/* ATI tin 

0.09 

Payne 

0.115 

-A 1 

Eureka . 

3.91 

X IclrV'Cii U Ac* 

Pranquette 

0.03 

Placentia 

0.083 
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The percentages of ash in the husks of the samples from Elsinore (table 
VI) at first decrease and then increase. The greatest percentage gain in 
the ash occurred between July 19 and August 20. It is to be noted that, 
although the ash in the dry matter of the husks (table VI) reaches 12 to 14 
per cent., the combined percentages for calcium and magnesium do not reach 
1 per cent. Haas (3) has shown that the dry matter of the husks of Pla- 
centia may contain over 10 per cent, of potassium (K), while the dry matter 
of leaves of this variety may contain less than 1.50 per cent. 

Potassium, sodium, and total phosphoeus 
Table V shows the high percentages of potassium (K) found in the dry 
matter of the husks in fruits collected at Chino. With the exception of the 
Klondike, the varieties that show the greatest resistance to the husk fly attack 
generally contain the highest percentages of potassium. The Eureka and 
Pranquette varieties are very susceptible and contain the lowest percentages 
of potassium. The Payne is only slightly out of the order shown in the 
field, in which this variety would occur between the Ehrhardt and Fran- 
quette. The percentages for the Payne, Placentia, and Ehrhardt varieties 
differ but little from one another. 

The percentages for potassium (table VI) show the greatest increase 

TABLE VI 

Ash, calcium, magnesium, potassium, sodium, and total phosphorus as percentages 

IN DRY matter OF HUSKS IN FRUITS COLLECTED AT VARIOUS TIMES 
DURING 1935 AT Elsinore, California 


In dry 

MATTER 

Variety 

May 29 

June 7 

June 18 

July 19 

Aug. 20 

■■■■■■ 


% 

% ! 

% 

% 1 

% 


Placentia 

6.46 


5.27 

7.12 i 

13.09 

Ash 

Eureka 



4.97 

6.58 

12.40 


Payne 


5.77 

4.76 


13.60 


Placentia i.. 



0.60 

0.71 

0.54 

Calcium 

j Eureka 




0.79 

0.64 

1 0.44 


1 Payne 



0.58 

0.44 

0.57 


* Placentia 



0.135 

0.127 

0.056 

Magnesium 

Eureka 



. 

0.114 

0.123 

0.057 


Payne..... 

! i 


0.114 

0.119 

0.100 


Placentia 



2.16 


6.80 

Potassium 


1 1 


1.76 

2.79 

6.41 


Payne 

1 i 

1 

2.32 

1.87 


6.71 


Placentia 

0.06 


0.09 


0.12 

Sodium 

Eureka 

1 


0.07 


0.08 


i payne 

1 

0.14 

0.12 


0.14 


Placentia ...... 



0.143 

0.150 

0.200 

Total phosphorus 

Eureka 




0,133 

0.175 

0.173 


Payne 



0.117 

0.147 

0.165 
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during the period from July 19 to August 20. As the results suggest, 
potassium is the chief basic constituent in the ash of walnut husksi 

From the results (table VI) for the Elsinore samples, it is seen that on 
August 20 the husks of the Placentia and Payne varieties contain greater 
percentages of potassium in the dry matter than do those of the Eureka, 
which fact is in agreement with the results shown in table V. 

In contrast with the high values found for potassium are the extremely 
low values found for sodium. In table V, with the exception of the Pla- 
centia variety, the more resistant varieties are associated with the higher 
percentages of sodium. 

No relation was evident between resistance and the percentages of total 
phosphorus (tables V, VI). 


TABLE VII 

BBa)UCINO SUOABS AND TOTAL PECTIN (AS CALCIUM PECTATE) IN WALNUT HUSKS 

or Chino fruit samples 


Variety 

Beducino sugars 

IN DRY matter 

OF HUSKS 

Variety 

Calcium pectate 
in dry matter 

OP HUSKS 


% 


% 

Neff 

9.62 

Klondike 

27.31 

Payne 

8.42 

Neff 

20.80 

Placentia 

7.74 I 

Seedling 

18.11 

Ware 

7.16 

Placentia 

17.79 

Seedling 

6,86 

Ware 

15.29 

Franquette 

6.46 

Ehrhardt 

13.64 

Eureka 

6.21 

Franquette 

11.89 

Ehrhardt 

5,66 

Eureka i 

1 11.01 

Klondike 

2.70 

Payne 

7.33 


Reducing sugars and total pectin 

,The percentages of reducing sugars in the dry matter of the husks of 
the Chino samples are given in table VII. The Payne and Ehrhardt varie- 
ties do not occur in the proper groups according to the resistance of these 
varieties in the field. Otherwise the high percentages of reducing sugars 
are associated with high resistance to attack by the husk fly. , 

In the fruit samples from near Elsinore (table VIII), the dry matter 
in the husks of the Placentia variety (resistant) in the July and August 
samples contained higher percentages of reducing sugars than the Eureka 
and Payne varieties (susceptible). The percentages in the August samples 
were less than those in the July samples. 

In general the higher percentages of reducing sugars are associated with 
increased resistance. Analyses were also made of the total (as reducing) 
sugars in order to determine sucrose. The amounts present, however, were 
too small to permit of an accurate estimate. 
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Fig. 1. Transverse section of husk of the Placentia variety (x 144) ; wide, com- 
pact layer of thick-walled cells close to the epidermis. 

The results for total pectin (as calcium pectate) in the dry matter of 
the husks in the Chino samples are given in table VII. With the exception 
of the Klondike variety, the high percentages are associated with increased 
resistance. The data (table VIII) for the July and August samples col- 
lected near Elsinore confirm this conclusion. 

Pectin is found in the cell walls in leaves ( 4 ) and it is assumed to be a 
cell wall constituent in husks. The greater resistance to attack by the husk 
fly is associated with high percentages of pectin, and hence the cell wall 
structure may be a factor in determining husk resistance. 

Cell structure and arrangement op tissues 
In addition to the chemical analyses it seemed desirable to make deter- 
minations of the physical arrangement of certain tissues that might affect 
success in the puncturing of the husk by the fly. 

The shells of the Payne variety of the Elsinore samples were becoming 
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hard on June 18, but still could be cut ; the shells of the Eureka variety were 
very soft, while those of the Placentia were hard. The husks in some eases 
on August 20 could be slipped from the shell. 

Sections were prepared of portions of the husks of the JBlsinore fruit 
samples collected on August 20. Figures 1-6 are photographs of transverse 
sections of these husks. The magnifications for each variety are the same 
(xl44 and x593). 

In the husks of the Placentia variety (fig. 1) the tissue that is composed 
of thick-walled cells is of greater widtlj and compactness than in the husks 
of the Payne and Eureka varieties (figs. 3, 5). In the husks of the Eureka 
variety, stone cells are seen at intervals and oriented in a direction perpen- 
dicular to the surface. 

The sections (x 593) show conspicuous thick cell walls in the husks of 
the Placentia as compared with those in the husks of the other two varieties. 



Fig. 2, Betailed section of Placentia husk tissue extending from epidermis to tke 
heavy-walled. (x593). The husk fy encounters difhculty in penetrating this thick- 
Walled ceU tisjme. 
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Fig 3 Tran8\er8e section of husk of the Pa^ne variety (xX44), relatively few 
layers of thick walled cells 

The results for the cell structure and arrangement of tissues support the 
conclusion that the husks of fruits of the Placentia variety (resistant) are 
considerably more difficult for the walnut-husk fly to puncture than are 
those of fruits of the Eureka and Payne (susceptible) 

Summary 

1. A study was made of the complex of factors involved in the varietal 
susceptibility of walnut husks to attack by the walnut-husk fly. The impor- 
tance of husk hardness as a factor (Boyce 1) is confirmed, and it is shown 
that there is a relation between this and other physico-chemical properties 
of husks in the different varieties. 

2. Fruit collections were made at various times from three interpl anted 
varieties of walnut trees located near Elsinore, California. These trees 
were not dusted or sprayed or subject to husk fly attacks. A single collec- 
tion of fruits was made on August 24, 1935, from trees of nine varieties 
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Fio, 4. Detailed section of Payne husk tissue extending from the epidermis (x593), 
showing few, if any, thick-walled cells. 

grown near Chino, California. These trees were subjected to dusts or sprays 
and to attacks of the husk fly. 

3. With one exception (Eureka variety among the Chino samples) the 
pH of the juices of the husk appears to be related to the resistance to husk 
fly attack in the field. Increased acidity is associated with greater resistance. 

4. Increased resistance is generally accompanied by a smaller percentage 
of dry matter in the fresh husks. In the August samples the resistance 
usually was associated with high percentage of dry matter in the fresh 
weight of the shells (with kernels). 

5. The dry weights of the husks decreased after July 19 even though 
in fruits of the Placentia and Payne varieties the fresh weights were still 
increasing. The dry, weights of the shells (with kernels) and of the kernels 
increased at, each fruit sampling. The fresh weights of some varieties of 
shells (with kernels) decreased after July 19. The fresh weights of husks 
generally exceeded, while the dry weights were much less than the corre- 
sponding weights bf the shells (with kernels). 
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Pig. 5. Transverse scetion of liusk of the Eureka variety (x 144) ; scattered, small 
thick-walled cells interspersed with clusters of heavy-walled cells oriented perpendicular 
to the epidermis. 

6. No relation with the resistance to the attack of the husk fly was found 
in tlie f^rams of drj" matter or in the grams of ask in the husk juices. 

7. High percentages of ash, magnesium, potassium, sodium, reducing 
sugars, and total pectin in the dry matter of the husks were associated with 
increased resistance, wliile no relation of resistance to calcium or total phos- 
phorus in the dry matter was evident. 

8. Studies of transverse sections of the husks of Placentia, Eureka, and 
Payne varieties indicate the importance of cell-wall thickness and the distri- 
bution of these tissues. Husk hardness associated with resistance is largely 
due to the cell-wall structure and to the distribution of the husk tissues. 
Husks of fruits of the Placentia variety (resistant) possess thick- walled cell 
tissues of greater width and compactness than those of fruits of the Payne 
and Eureka varieties (susceptible), 

9. Very little data exists in regard to the composition of walnut kernels, 
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Fig. 6. Detailed section of Eureka husk tissue showing very few tliick-wallod cells 
(X693). 

shells, and husks. The present studies afford extensive data in regard to 
the composition of walnut husks. 

Univbbsity op Calipornia 

Citrus Experiment Station 
Biverside, California 
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POLAR TRANSPORT OP AUXIN AND ELECTRICAL POLARITY IN 
COLEOPTILE OF AVENA 

W . 0. Cl AEK 

(with ONfi figure) 

Introduction 

In the introduction to a recent paper by the writer (6), the phenomenon 
of the polar transport of auxin in plants was briefly discussed. It was in- 
dicated there that the electrical theory of the polar transport of auxin was 
one of the most widely accepted ones. This thepry states that the inherent 
electrical polarity of plants is the cause of the longitudinal polar transport 
of the negative ion of auxin, the plant-growth hormone, to an inherent posi- 
tive pole in the plant. 

It was concluded (6) that an electrical polarity exists in seedlings. 
Apices are electronegative to basal regions in seedlings of Impatiens, Avena, 
Zea, Pisum, and Vida, In Avena, this polarity exists internally as well as 
on the surface of the cuticle. It is thus seen that the electrical polarity 
found in seedlings conforms with that demanded by the electrical theory of 
the polar transport of auxin. 

(^ut sections of these seedlings exhibited the same electrical polarity as 
intact plants, i.e., electronegativity of the morphological apical cut surface. 
But it was also shown that this section-polarity could be inverted by gravity; 
and Clark ( 4 ) showed that the electrical polarity of the Avena coleoptile 
could be altered or inverted by light. Thus the electrical theory of polar 
transport is directly contradicted by the fact that neither light nor gravity 
affect the longitudinal transport of auxin (See ‘‘Discussion” and 6). 

The present article is concerned with experiments in which attempts were 
made to link polar transport and electrical polarity. Auxin transport and 
electrical polarity were measured at the same time, and then the electrical 
polarity was altered by applied potentials and by gravity to see if there were 
any parallel changes in polar transport. 

Experimentation 

Effect of applied P.D, 's on auxin diffusion in agar 

In accordance with an electrical theory of transport of the plant-growth 
hormones, it was of primary importance first to demonstrate whether or not 
the hormone is electrically transported in vitro, 

Dolk ( 6 ) attempted to demonstrate such an in vitro transport of auxin 
by the following method: Zea Mays growth substance (auxin-A) was col- 
lected by diffusion from coleoptile tips into agar blocks. Two such blocks 
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were interposed between platinum electrodes, and a P.D. of from 2 to 10 
volts (v.) applied across them of one hour. At 10 v., a strong electro- 
osmosis of water occurred, causing one block to take up water and swell, and 
causing the other block to lose water and shrink. Dolk stated that such 
electroosmosis would distort the results (the water current would carry the 
auxin to the negative pole). He also said that electrolytic destruction of 
auxin would probably occur at the electrodes. At 2 v., no appreciable elec- 
troosmosis occurred, but the auxin concentration in the two blocks remained 
the same, as tested by the standard Avena test (see text below). At 10 v., 
no auxin could be found owing to its destruction. Dolk concluded that 
auxin was not electrically transported under the conditions of his experi- 
ments. 

Koch (12) also investigated this problem. He placed 15 to 18 Avena 
coleoptile tips on agar blocks for 90 to 120 minutes to collect their auxin by 
diffusion, while passing a current from a 4-v. flashlight battery for 1 to 2 
hours through the agar block between two electrodes (platinum wire). The 
block was then removed, cut into small blocks, and tested on Avena, using 
2 plants per test. He claimed that the auxin was transported to the positive 
pole, which is theoretically in the direction expected of a dissociated acid* 
His experiments are to be severely criticized in that he used too few test 
plants. Usually 12 test plants give an average result correct within 10 per 
cent (see text below). Individual differenc(*s between two plants may be 
considerable. 

The writer has reinvestigated the problem of electrical transport of auxin. 
Synthetic heteroauxin (indole-3-acetic acid) prepared in the Gates chemistry 
laboratories was used. Since this substance is a weak acid, it dissociates 
into a large anion and a hydrogen ion. The anion should be transported 
in an electric field to the anode. That heteroauxin conducts a current can 
be determined by actual conductance measurements. 

In order to demonstrate that the heteroauxin used in the experiments 
about to be described actually conducts a current, conductance measurements 
were made so that the transport number and absolute mobility under unit 
potential gradient could be ascertained. The sodium salt of indole-3-acetie 
acid was prepared by accurately neutralizing the acid and recrystallizing 
from absolute alcohol. (The salt preparation was made by Dr. Koepfli of 
the California Institute of Technology.) The salt was then made up in 
different concentrations and tjieir conductances determined in a calibrated 
conductance chamber at 25*^ C., using a conductance bridge with a Vreeland 
oscillator at 1000 cycles. The cube root of the concentrations was plotted 
against the equivalent Conductances. This curve was extrapolated to the 
limiting conductance at infinite dilution. Since the limiting conductances 
of the hy^ogen and of the sodium ions at 25"^ C. are known, the limiting 
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conductance of the acid could be determined from that of the experimentally 
determined conductance of the more dissociated salt. Knowing the limiting 
conductance of the acid, the dissociation constant could be calculated in 
order to check the accuracy of the conductance measurements. The dissocia- 
tion constant is known to be about 2.0 x at 25® C. (16, 7). From the 
limiting conductance of the heteroauxin anion, its transport number and 
ionic mobility could be calculated. 

Two experiments gave limiting conductances of the salt of 79.5 and 78.5, 
average 79.0. 

Since Ao Na at 25® C. = 50.9 (Noyes and Sherrill, 17) , 

and Ao H at 25® C. = 350 (ibid ,) ; 

hence Ao auxin anion = 79.0 - 50.9 = 28.1, 

and Ao auxin = 28.1 + 350 = 378 at 25® C. 


Since the dissociation constant, K. is proportional to the degree of disso- 
ciation ; hence 

IT C a^ , A . 

K = -z , where a = -r*. A = 

1 - a ’ Ao 

the conductance at different concentrations, and C = the concentration in 
mols. For three concentrations used, the dissociation constants were ; 


Normality 

0.004 

0.008 

0.01 


Kxl0“® 

3.0 

2.8 

2.8 


Av. 2.9 


For a comparison, Kogl and Kosterman^s values for the dissociation at 
25® C., their determinations being based on pH measurements, are given: 


Normality 

0.001 

0.005 

0.01 


KxlO-" 

2 

3 

1 


Av. 2 


Dolk and Thimann (7) determined the dissociation constant of heteroauxin 
from Bkizopus suiniis by partition coeflScients and the dissociation at various 
pH’s. Their average value (at room temperature) was 1.82, hence approxi- 
mately that of Kogl and Kostermans. 

It is seen therefore that the conductance measurements w'ere quite accu- 
rate, and in fact gave better constants than either Kogl and Kostermans’ 
or Dolk and Thimann 's. 

The transport number of the heteroauxin anion is equal to the ratio of 
the limiting conductances of the anion to that of the sum of the anion and 
cation : 
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28.1/378.1 ==0.07 

Hence only 0.07 of an electric current is carried by the heteroauxin anion in 
solution. The absolute mobility of the anion under unit potential gradient 
of 1 V. per centimeter in a cube 1 cm. on each side is : 

28.1/96,500 = 2.9 x 10'^ cm./sec. 

= 10.5 mm./hr. 

Before experimenting with applied P.D.’s in plants, it was of interest to 
see how much of a potential gradient is necessary to establish a measurable 
difference in transport in a liquid or agar medium. The transport of hetero- 
auxin to the anode can be obtained if a sufficiently high P.D. is used. The 
following experiments demonstrate that the electrolytic migration might 
easily escape observation unless the proper precautions are taken. 

The following experiment shows a typical negative result : 

Tap-water agar blocks 11 x 8 x 1 mm. were soaked one hour in hetero- 
auxin of a known concentration. One hour of soaking permitted complete 
equilibrium between block and solution. One of the blocks was then placed 
atop three tap-water blocks containing no auxin, and Ag-AgCl electrodes 
(freshly plated) applied at each end of the stack of blocks. A P.D. of 300 
mv. (millivolts) was applied for one hour such that a 9 microampere current 
flowed. Another stack of blocks was set up in the same way, but with the 
polarity of the applied P.D. reversed. A control stack was run in which no 
current was passed. At the end of the hour, the blocks were removed, sepa- 
rated, and each one cut into 12 smaller blocks and tested for their auxin 
content by the standard Avena test.^ 

Five experiments of the kind just described were performed, and table I 
records typical results. 

In another experiment, a P.D. of 450 mv. applied for one hour, at 28 
microamp. of current-flow gave considerable electrolytic destruction of 
auxin. The concentration used in the top blocks was 20®. At the end of one 
hour only about 5® remained in all four blocks. The blocks nearest the anode 

1 The technique involves placing a small agar block containing auxin on one side of the 
stump of a decapitated Avena coleoptile so that the auxin from the block will diffuse down 
only along the side under the agar block, thereby causing this side to grow more than the 
other side. This will result in a curvature away from the side on which the block was 
placed. The curvature is proportional to the concentration of auxin in the block, to the 
size of the block, to the time between decapitation and placing the block, and to the time 
that the block is left on. The method is so controlled (temperature, humidity, light, tools, 
time, plants, etc.) that within certain limits of auxin concentration, the curvatures in 
degrees give a quantitative analysis of the concentration such that curvature per 
lO-mm.8 block corresponds to about 10-7 to 10-» mg. of heteroauxin. (This again depends 
upon the methods used and the sensitivity of the plants.) Usually 12 to 24 test plants 
are used for each determination, the averages being taken. The accuracy is about 10 per 
cent, when ^2 plants are used. For detailed descriptions of the method, and other test 
methods, see Went and Thimsnn (28). 
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TABLE I 

Eftbcts op applied P.d. on auxin dippusion op agak at low voltage 
P.D., 300 MV.; CUBEENT-PLOW,* 9 MIOROAMP.; TRANSPORT TIME, 1 HR. 


Blocks 


Degrees op curvature 
(Auxin concentration) 



Control 

Anode 

Cathode 

Top 

12 

9 >1 


10 



6 

7 


5 



5 

2 


4 


Bottom 

2 

2 


2 ^ 

f 


i 

Cathode 

Anode 

Total (siun) 

25 

20 

21 


^ The arrows indicate the theoretical effect of the current flow on the auxin transport. 


showed white discoloration which, on microscopic examination, proved to be 
due to minute gas bubbles, presumably of oxygen. When 10° auxin was 
used, and 600 mv. applied, complete destruction occurred. 

The above experiments show clearly that when no electroosmosis or elec- 
trolytic destruction occurred, the applied P.D. had no effect on the trans- 
port of auxin in agar. Evidently higher voltages are necessary to effect a 
measurable change in transport. But at higher voltages, destruction by elec- 
trolysis occurs. Therefore it is easy to understand why Dolk obtained 
negative results. 

Transport experiments in agar were then conducted, in which much 
higher voltages were used. Automatic siphons were used to wash away the 
products of electrolysis at the electrodes so that no auxin destruction might 
occur. Zinc electrodes were used, and the solutions at the electrodes were 
separated from the agar blocks by agar-gelatin seals. A 25° auxin solution 
was used to wash the top electrode. Analysis of the four blocks used in the 
experiment is given in table II. 


TABLE II 

P.I)., 22.5 v.; current-plow, 0.1 MA. (MILLIAMPERE) ; transport time, 1 HR. 
Effects op applied P.D. on auxin diffusion at high voltage 


Blocks 

Degrees op curvature 
(Auxin concentration) 


Control 

Cathode 

Anode 

Top 

6 

26 

1 




3 

24 


0 I 



2 

19 


0 


Bottom 

1 

12 


0 




Anode 

Cathode 
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The control shows that transport by diffusion was much less than electro- 
lytic transport. This P.D. represented approximately a 50-volt-per-centi- 
meter gradient, and definitely causes auxin to be electrolytically transported 
to the positive pole. The results are not qualitatively distorted by electro- 
osmotic-flow, since water travels to the negative pole in agar and would 
only tend to decrease the amount of auxin carried by electrolysis to the 
positive pole.* 

Electrical polarity and polar transport in coleoptile 

It has been demonstrated tliat sections of coleoptiles exhibit an electrical 
polarity which is in the direction expected by Wentzs theory of electrical 
transport (c/., 5), i.e., the morphological apices are electronegative to the 
bases, and the negatively charged ion of the acid, auxin, could, then, theo- 
retically be electrically transported polarly from tip to base. The following 
section is concerned with experiments attempting to directly demonstrate 
that polarity of auxin transport varies in the same way that electrical 
polarity varies when it is altered. 

Transport technique 

The transport experiments were performed as described by van der 
Weij (26), except that no holders were used to support the coleoptile sec- 
tions, as this causes auxin leakage through water films in the holder. The 
seedlings were grown in sand from hulled seeds of Avena sativa (Victory 
oats) of a pure line stock (also used in the Avena tests). Germination, 
growth, transport experiments, and tests were all carried out in the experi- 
mental dark room at a relative humidity of 90 per cent., at 24° C., and 
in orange light not causing phototropism. The lengths of the sections 
used were in all cases 3 mm. They were cut from the subapical zones 
of coleoptiles 3 to 4 cm. in length, one to two sections per coleoptile. The 
section-cutters were made of two parallel razor blades separated by a brass 
strip. The sections were then placed in an upright position on wet filter 
paper by means of eye-forceps. This w^ashes out enzymes which destroy 
auxin (18). After an hour of such “ washing, the sections were removed, 
and excess moisture carefully removed from the sections with filter paper. 
Twenty sections were each then placed upright on the 11 x 8 x 1-mm. agar 
blocks (tap-water agar) and another block containing the auxin placed on 
top of the sections. The sections were handled with fine eye-forceps. Agar 
blocks can be made to contain auxin in any desired concentration by soaking 
them in auxin solutions of known concentration for about an hour. The 

* Tliat water is carried to the negative pole was easily demonstrated by applying a 
PJD. of 1 or 2 V. across an agar thread 20 x 1 mm. The thread immediately swelled at 
the negative pole, and shrunk at the positive pole. Therefore, in the above experiment, 
auxin traveled to the positive pole despite any flow of water in the opposite direction. 
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transport time was usually one to two hours, depending upon the concentra- 
tion of auxin in the top block. After this time, the two blocks were removed, 
cut into 12 smaller blocks, and tested on Amna. The sum of the values 
obtained for each block should approximate the original amount in the top 
block. The amounts of auxin transported were expressed as the percentages 
of the sums of the concentrations in top and bottom blocks present in the 
bottom blocks. 

Shunting experiments. — Eosene (22) demonstrated that the P.D. be- 
tween apex and base of an Allium cepa root could be reversibly decreased by 
liquid shunts interposed between the contacts, and at a distance from them. 
On the basis that the P.D. between the two ends of a eoleoptile section could 
be lowered by a shunt, it was thought that auxin transport might be simul- 
taneously lowered. Hence metallic shunts (metal foil) were made between 
tops and bottoms of such sections, and transport experiments run. In the 
set-up of the experiment clean tin-foil connected the top agar block with the 
bottom agar block. Tin-foil not connecting the blocks was applied to the 
blocks of the controls. The results of a typical experiment are given in 
table III. 

TABLE III 

EFrji.cTs or shunting the P.D. on teanspoet or auxin 
Transpoet time, 1 hb.j length or sections, 3 mm.; 20 sections pee experiment 


Blocks 


Top 

Bottom 

Total (sum.) 


Bottom 


Degree or cubvaturb 
(Auxin concentration) 


Shunted 

8 

3 


11 


Control 

8 

4.5 

12.5 


Percentage of total 
curvature (sum) 


% 

27 


% 

36 


The ditference between the shunted and the control experiments, - 9 per 
cent., is well within the experimental error. 

In five similar exjieriments the differences in percentage of curvature 
(expressed as the above result, - 9 per cent.) were 12, 9, - 7, - 5, and - 2 per 
cent., with an average of 1.4 per cent., which is within the experimental 
error. 

The results of the experiments showed that shunting the P.D. between 
the two ends of a section has no effect on the auxin transport. It is realized 
that such a shunt is probably very ineffective in reducing the individual 
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P.D. ’s probably maintained across each cell. The electrical resistance of the 
coleoptile section is very high (10^ ohms for 20 3-mm. sections in parallel), 
and the P.D. between the two ends is relatively very minute (a few milli- 
volts). Hence any current dissipated by metallic shunts between the two 
cut ends would be extremely small, and the individual cell P.D.’s would be 
relatively unaffected. If the resistance of the tissue had been quite small, 
and there were relatively few cells between the electrodes, the situation might 
have been quite different (8). In the work of Francis (8) the P.D. across a 
frog’s skin was shunted through a total resistance of 1500 ohms, and the cur- 
rent-flow was measured. If the external resistance had been lower, the 
transport of ions across the skin might conceivably have been altered. 

Applied P.D.’s and transport in coleoptile sections . 

Kogl (13, 14) claimed to have found an effect of applied potentials on 
longitudinal transport in Avena coleoptiles, produced by placing agar blocks 
containing auxin on one side of decapitated coleoptiles and applying a P.D. 
between this block and the base of the plant. The curvatures resulting were 
increased when the tip was made the cathode, and decreased over the con- 
trols when it was made the anode. The auxin anion was presumably trans- 
ported in the plant toward the anode, and prevented from being transported 
downward when the base was made the cathode. P.D. ’s of 0.2 to 1.4 v., and 
currents of 0.4 to 2.8 microamp. were used. Later, however, Kogl, Haagen- 
Smit, and van Hulssen (16), stated that the applied currents merely caused 
the auxin to be transported more rapidly from the agar into the plant, and 
that the effect was not on the longitudinal transport in the plant. 

The effect of electric fields on growth of plants has been reviewed by 
Went (27), Ramshorn (20), and Stern (24). Even if some of the results 
could have been explained by the effects of electric currents on the transport 
of auxin in the plants, the results are conflicting, to the extent that no agree- 
ment has been reached that direct currents of one polarity affect growth in a 
definite way.* 

Since it had not yet been shown that auxin will be longitudinally trans- 
ported in plants under the influence of an electric current, it was important 
to obtain experimental evidence to this effect. 

Transport experiments, such as described in the previous section, were 
performed while a P.D. was applied between the two blocks in such a way 
that the electrical current would theoretically augment transport in one case, 
and inhibit it in the other. Ag:AgCl electrodes were applied directly 
to the agar blocks, and P.D.’s of 25 to 750 mv. applied for 1 to 2 hours. The 

8 A paper by Cholodnt and Sankewitsch in the April no. 1937, Plant Physiology, 
describes the use of applied currents which were found to incrca^ coleoptile growth if the 
apex is made the cathode, and to inhibit it if the apex is made the anode. Immediately after 
cutting off the currejat, however, inhibition ensued. 
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electrodes were the same size as the agar blocks, and were replated before 
every experiment. In a typical experiment heteroanxin concentration was 
40® in the top block at the start. After one hour transport time, the top 
blocks were diluted 3X for analysis. The results of this experiment are seen 
in table IV. 


TABLE IV 

EITBCTS or APPLIED P.D. AND TRANSPORT OP AUXIN IN OOLEOPTILE SEC3TIONS 
P.D., 300 MV.; TRANSPORT AND CURRENT-PLOW, 1 HR.; 20 3-MM. SECTIONS PER EXPERIMENT 


Blocks 

Degrees of curvature 
(Auxin concentration) 


Control 

Anode 

Cathode 

Top 

35 

31. 

31 1 

Bottom 

8 

7 * 

7 i 



Cathode 

Anode 

Total (sum.) 

43 

38 

38 


Percentage of total curvature (sum) 


% 

% 

% 

Bottom 

18.6 

18.4 

18.4 


In twelve experiments like the preceding in which the applied P.D. varied 
from 25 to 300 mv., the total average percentage of the sum of auxin concen- 
tration expressed as percentage of total curvature in the bottom block is 
shown in table V. 

TABLE V 

EpPECTS OP APPLIED P.D. AND TRANSPCMIT OP AUXINS IN COLEOPTILE SECTIONS 


Blocks 

Percentage op total curvature (sum ) 

(Auxin concentration) 

Top 

Control 

Anode 

Cathode 


% 

% 

% 


25 

21 1 

204 , 

Bottom 


Cathode 

Anode 


It is obvious that no effects of applied P.D. 's on transport were found. 

Since no results were obtained in the above experiments, it was thought 
that perhaps the potential gradients were not steep enough. The absolute 
mobility of the heteroauxin anion is 10.5 mm. per hour at 1 v. per centimeter. 
We should, therefore, expect 300 mv. per 3 mm., which is nearly 1 v. per 
centimeter, to suffice, regardless of the fact that the conducting path in the 
experiments just described is not exactly like the standard cube usually 



746 


PLANT PHTSIOLOGY 


referred to when the term, ^‘absolute mobility,’^ is used. It was found, 
however, in the experiments using Ag, AgCl electrodes, that a potential dif- 
ference of more than 300 mv. caused destruction of auxin. It must be re- 
membered that hydrogen ions, and ions of other salts to be found in agar 
and tap water, will carry the current, the auxin carrying only 7 per cent, of 
the current. Hence it would be necessary to apply larger currents for 
longer periods of time, especially when high resistances are encountered 
50 v. per cm. were necessary in the case of agar) . 

Since electrolytic destruction of auxin occurred when P.D.^s above 300 
mv. were used, recourse to flowing electrodes was taken. The same type of 
siphon-flow electrode vessels were used as were described in the section on 
transport in agar, except that the apparatus was made so that the electrode 
vessel and top-agar block could be racked down to the top of the* sections 
placed on the bottom block, by means of a set-screw mechanism. This dis- 
pensed with clumsy manipulation and the danger of upsetting the sections, 
or of injuring them by loading them down with excess weight. The fluid 
used for washing the top electrode was 0.1 N KCl with auxin, and for wash- 
ing the bottom electrode 0.1 N KCl without auxin. Current was passed so 
as to theoretically augment transport in one case, and to decrease it in the 
other (opposite polarity). No difference was found, however, in the amounts 
of auxin transported, even when P.D.’s of 3 v., and a current of 0.04 ma. 
was used. The sections, after current treatment, were washed’^ in an 
upright position on wet filter paper, and tested in further transport experi- 
ments to see if there were any after-effects of the current treatment, but none 
were observed. It was not easy to wash out the auxin remaining in the sec- 
tions left there by the first treatment, so that any after-effects occurring 
might be masked by contamination. Hence sections were current-treated in 
the apparatus without auxin application, and then immediately tested in 
transport experiments for any changes in their ability to transport nor- 
mally. A description of part of the set-up of a typical experiment to deter- 
mine the after-effect of applied P.D. on transport follows. Forty 3-mm. sec- 
tions from subapical zones of coleoptiles were used for each experiment, i.e., 
for each polarity of the applied P.D., and for the control. Each lot of 40 
sections in each experiment was then halved for duplicate transport experi- 
ments, using an auxin concentration of 15° in the top blocks. The average 
results of each duplicate set are shown in table VI. 

The results of the average of four experiments like the preceding are given 
in table VII as the percentage of the total amount of auxin in top and bottom 
present in the bottom blocks. These results signify no effect of the current 
on transport in the sections. Higher currents, i.e., above 1 ma., caused the 
sections to become flaccid, and hence could not be used in any of the trans- 
port experiments, as was found necessary in the case of agar. 
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TABLE VI 

APTEB-KPFBCTS op APPUBD P.D. ON TRANSPORT OP AUXIN 
P.I)., 1.5 V.; CURRENT-PLOW, 0.8 MA.; CURRENT TREATMENT 1 HR.; TRANSPOET-TIME 1 HE. 


Blocks 

1 Degrees of curvature 


Control 

Anode 

Cathode 

Top 

7.2 

u 

^ i 

4.6 

Bottom 

6 



Cathode 

Anode 

Total (sum.) 

13.2 

12 

11.6 


I Percentage of total curvature (sum) 


% 

% 

% 

Bottom 

45 

42 

40 


TABLE VII 

Percentage op auxin in bottom blocks 


Blocks 

Percentage or total curvature (sum) 

Top 

Control 

Anode 

Cathode 


% 

% 

% 


38 

37 1 

39], 

Bottom 


Cathode 

Anode 


Effect of applied P.D.^s on inherent P.D.^s and transport in 

COLEOPTILE SECTIONS 

The question now arose: Does the inherent P.D. of the sections change 
appreciably when such P.D. applications are made? To answer this ques- 
tion, transport experiments were performed in which the transport, inherent 
and applied P.D. ’s, were measured simultaneously. 

Several such experiments were performed, and the following was a typi- 
cal setup. Three-mm. sections were cut and washed in an upright position 
for 1 hr. on wet filter paper. Twenty such sections were placed on tap-water 
agar blocks in a moist chamber, electrical contact being made to the block 
with a strip of 0.1 N KCl agar which led through paraffined glass tubes 
outside the moist chamber to a cup filled with 0.1 N KCl in which the Zn : 
ZnSO* electrode could be placed. The top agar block containing auxin had 
a similar KCl-agar strip leading to another cup and electrode outside the 
chamber. The control transport experiment had KCl-agar strips of the 
same size contacting the top and bottom blocks. The inherent P.D. s of such 
a setup were measured with the string electrometer, as well as the applied 
P.D.'s. The current was measured with a microammeter. It was found 
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that the electrodes did not polarize with the currents used, so that the same 
electrodes used for applying the P.D/s could be used for measuring the 
change in inherent P.D.’s of the sections. In such a transport experiment, 
it is seen that the P.D.’s of 20 sections in parallel are measured, thus the 
average. P.D. ’s were measured and applied, cut oflE after a time, and the in- 
herent P.D.'s immediately measured. About 2 seconds elapsed between two 
such readings, but it was observed that the inherent P.D. ^s maintained their 
levels several seconds after current treatment of a minute or so. In other 
words, depolarization was not so rapid that the effect of the applied P.D.'s 
on the inherent P.D.’s could not be accurately determined with the short- 
period string electrometer. 

The transport time was 90 minutes ; the applied P.D., 3 v. ; and the cur- 
rent-flow, 10 microamp. Before the P.D. was applied, the inherent P.D.’s 
were; Cathode at the top (current flow theoretically augmenting transport), 
apex 2 mv. negative to the base ; anode at the top (current theoretically in- 
hibiting transport), apex 4 mv. negative to the base. Hence the same 
polarity existed as was found in an earlier part of this paper. 5 minutes 
after the current was turned on, the inherent P.D. was measured, after 
briefly cutting off the applied current. Every 5 minutes thereafter during 
the course of the experiment, the inherent P.D. was measured and recorded, 
and found to be the same throughout, namely: Cathode at the top (applied 
polarity same as inherent) , apex 43 mv. negative to base ; anode at the top 
(applied polarity opposite inherent polarity), 55 mv. 'positive to base. The 
blocks were analyzed for their auxin content at the end of the 90 minutes. 
The results obtained are given in tables VIII and IX. 

TABLE VIII 

ErPECT OP APPLIED P.D. ’S ON INHERENT P.D. 'S AND TRANSPORT IN A VENA 
COLEOPTILE SECTIONS 

Inherent apical negativity increased prom 2 to 43 mv. 


Blocks 

Degree op curvature 
(Auxin concentration) 


Control 

Cathode 

Top 

4 j 

3 

Bottom 

5 

4 

Anode 

Total (sum.) 

9 

7 


Percentage of total curvature (sum) 

- 

% 

% 

Bottom 

56 

57 
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TABLE IX 

ErrECT OP applied P.D.'s on inherent P.I).'s and transport in Avbha 

COLEOPTILE SECTIONS 

Inherent polarity* inverted prom apical negativity op 4 mv. to a positivity op 55 mv. 


Blocks 

Degree or curvature 

1 (Auxin concentration) 


Control 

Anode 

Top 

4 

^ t 

3 ‘ 

Cathode 

Bottom 

3 

’ * 1 

Total (Bum.) 

7 

7 

! 

Porcentage of total curvature (sum) 

Bottom j 

43 

43 


Five experiments like the preceding gave the same result, namely, that 
inverting or increasing the inherent electrical polarity had no effect on the 
polar transport. 


Geoelectrical polarity and polar transport of auxin 

Went (26), van der Weij (25), and Pfaeltzer (19) have clearly 
demonstrated that gravity has no effect on the polar transport of auxin in 
Avena coleoptile sections. It has been shown in a recent paper by the writer 
(5) that inverting sections inverts their electrical polarity for a time. 
Should it be shown that this inverted polarity, during the time that it exists, 
has no effect on polar transport, the evidence would be stronger against the 
thesis of electrical transport. To this end, transport experiments were per- 
formed, in which sections were inverted, and the inherent electrical polarity 
and transport of auxin were measured. Figure 1 gives the results of such 
an experiment. The setup of this experiment was as follows : 

Sections were cut and divided into two lots. One lot was placed on wet 
filter paper in an upright position ; the other lot was placed in an inverted 
position. After 1 hour, 20 sections from each lot were removed and a 90- 
minute transport experiment run on each lot, the sections remaining in the 
position in which they had been placed on the filter paper. One auxin agar 
block was placed on the inverted apices of the inverted lot, and another on 
the upright apices of the upright lot. During the transport, the P.D. be- 
tween each block of the two transport experiments was measured several 
times during the experiment. The curves in figure 1 represent the change 
in these P.D. ’s with time. At the end of two hours, two more lots were re- 
moved from the wet filter paper and the process repeated, as was also done 
for two more lots left standing 4 hours after sectioning. In this way, the 
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effect of gravity could be followed over a period of several hours. Figure 1 
contains the results for the upright and inverted sections left in those respec- 
tive positions in transport experiments for 1, 2, and 4 hours, thus including 
six experiments. The P.D.-time curves of each of the six experiments ; and 
diagrams representing the auxin analyses of the top and bottom blocks, 
together with the tabulated sums of the top and bottom blocks, and the per- 
centage of this sum in the bottom blocks, are also shown in figure 1. 

SAotiona MxxriAt ' 

- Millivolts. 



Fio. 1. Effect of inverting on electrical polarity and auxin transport. 

Effect of inverting on electrical polarity and auxin transport. — 
In the case of the upright sections, the P.D.-time curve shows the usual char- 
acteristics, namely, that time is necessary before the apical negativity is 
established, in this ease less than an hour (5) ; and, in the case of the sec- 
tions left standing 4 hours, this polarity was already established. It is seen 
that the sections inverted one hour show the usual inverted electrical polar- 
ity, i.e., apical positivity, and that this positivity is maintained throughout 
the transport experiment ; hence if the electrical transport theory were cor- 
rect, the tramport polarity should also be inverted. After two hours of 
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inversion, the inverted sections have regained their normal polarity, a char- 
acteristic already discussed in the foregoing pages. After 4 hours, the nor- 
mal polarity vsras even more pronounced. 

It is seen at once that regardless of the fact that the electrical polarity 
was inverted, in the case of the sections left inverted one hour, the amount 
of auxin transported is the same as in the upright section with normal polar- 
ity. In all cases in figure 1, the differences (in percentages of the sums of 
top and bottom blocks found in the bottom blocks) between transport experi- 
ments on upright and inverted sections were within the limits of error. 

The results reported here clearly demonstrate a close parallelism between 
the known direction of auxin transport inside the plant and the normally 
existing electrical polarity described in the writer’s recent paper (5), 
namely : that the tip of the coleoptile of Avena is electronegative to the base ; 
and the dissociated anion of heteroauxin could be electrolytically polarly 
transported to the electropositive base. That auxin is polarly transported 
has also been shown by evidence discussed in the introduction to the writer’s 
recent paper (5). It was then shown that this electrical polarity could be 
changed and inverted by means of applied electromotive forces, and by 
gravity (and also by light, as was shown in an earlier paper, (4) ) ; while the 
amount and polarity of auxin transport remains the same. These facts were 
taken to mean that the polarity of auxin transport and electrical polarity 
are independent of one another. 

The works of Brauner and Running (3), Koch (12), and Amlong (1) 
have shown that the lateral transport of auxin in plant organs is probably 
linked with geo- and photoelectric P.D.’s, or at least have shown a close rela- 
tionship between the two (5). These P.D.’s were measured in approxi- 
mately the same way as described above. Moreover, light, gravity, and ap- 
plied P.D.’s can cause tropisms. Light and gravity induce lateral transport 
of auxin. Applied P.D. ’s may also induce lateral transport, as indicated by 
electrotropisms, but this is not as yet directly proved.'^ Since light, gravity, 
and applied P.D.’s do not affect longitudinal transport, it is probable that 
lateral and longitudinal transport are caused by two entirely unrelated sets 
of factors. 

It is, then, obvious that the P.D.’s measured and discussed in this paper 
as comprising the plant’s electrical polarity are not the cause of polar auxin 

♦Bbauner and Bunning (3) reproduced photographs of electrotropisms in Avena, 
The curvatures are in no way similar to those in photo- or geotropisms, and do not suggest 
a normal lateral transport of auxin. The applied P.D. ^s might induce lateral transport 
of acid, which would increase the activity of auxin (2) on one side, thus causing the 
“ electrotropism. ^ * Amlong (1), however, indicated some linkage between auxin and 
electrotropisms, as decapitated roots of Vida faha and decapitated seedlings exhibited no 
electrotropisms, Satxinskij (C. E. Acad. Sci. U.R.S.S.; n.s. 2: 295-298. 1936) presents 
additional evidence indicating that auxin might be laterally displaced to the induced anode 
of coleop tiles in an electrostatic field. 
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transport. It is still possible that polar transport is effected by a more subtle 
type of potential gradient not readily amenable to measurement by the meth- 
ods described above and in a previous paper (5), and that such theoretical 
P.D.^s are located at phase boundaries or at capillary surfaces (electro- 
kinetic potentials).® In the lack of evidence for the existence of the latter 
type of potential at phase boundaries, etc., in the plant, it is evident that 
electrical polarity, as described above, and the polar transport of auxin in 
plants are independent of each other. 

Summary 

1. Heteroauxin (indole-3-acetic acid) has a transport number of 0.07 and 
an absolute mobility of 10.5 mm. per hour under unit potential gradient of 
1 V. per centimeter, as measured by conductance experiments. 

2. Heteroauxin is electrolytically transported in agar to the anode in an 
electric field. A potential gradient of 50 v. per centimeter definitely influ- 
ences the transport. Strictly non-polarizable conditions are necessary in 
order to establish such an influence. 

3. Applied E.M.F.’s have no influence on the longitudinal transport of 
auxin in Avena coleoptiles, although these applied E.M.F.’s reverse or 
increase the inherent electrical polarity of the same sections. 

4. Inverted electrical polarity induced by gravity has no effect on longi- 
tudinal auxin transport in coleoptile sections. 

5. It is concluded that electrical polarity either has no cause and effect 
relation to the polarity of auxin transport in the Avena coleoptile, or that 
this relation is not amenable to treatment by the bioelectric methods outlined 
in this paper. The relation may be real but more subtle than has been 
revealed by the various types of electrometric measurements employed. 

Kerckhoit Laboratories for the Biological Sciences 
California Institute of Technology 
Pasadena, California 
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CARBOHYDRATE CHANGES WITHIN THE NEEDLES OF PINU8 
P0NDEB08A AND P8EUD0T8UGA TAXIFOLIA 

Claib L. Woeley 
(with five figures) 

Introduction 

The ability of most coniferous trees and of certain other plants to retain 
their foliage over several seasons has attracted considerable attention among 
botantists. This interest is especially keen concerning those plants sub- 
jected to extremely cold winters, and which, with rare exceptions, must pos- 
sess the property of cold resistance, at least during the actual duration of 
the periods of subzero temperatures. It has long been known, even by the 
layman, that such coniferous needles are not, in general, resistant to cold 
during the warmer months of the year. 

Consistent studios of the seasonal variations in the physiology of a 
plant, as well as parallel studies of the variations in tlie habitat-factors, are 
necessary to reach an understanding of that species^ ability to survive under 
the environmental conditions representing a given habitat. It has long been 
recognized that the polysaccharides in leaves, under certain climatic condi- 
tions, are converted into the simpler saccharides, and vice versa, by what ap- 
pears to be the shifting of an equilibrium by means of enzymatic activities. 
These seasonal variations in the amount and chemical nature of food re- 
serves in the cells of evergreen leaves are in themselves of physiological sig- 
nificance. xYlthougli many workers have contributed mucli important data 
on this subject, including carbohydrate, osmotic pressure, and pH measure- 
ments, our actual information is still fragmentary. 

This problem was undertaken to ascertain the quantitative fluctuations 
of various classes of carboliydrates in Pimcs pondcrosa and Pseudotsuga 
iaxifolia needles throughout the more or less dormant season, and to deter- 
mine a possible relationship between the saccharide fluctuations and the 
temperature changes. 


Historical data 

The measuring of fluctuations in amounts of carbohydrates has been in- 
vestigated by numerous workers, the majority of whom have limited them- 
selves to diurnal variations wlien studying photosynthetic tissues. Miller 
(8) measurements show that the non-reducing sugars in the leaves of most 
plants are in excess of the reducing sugars, and that the maximum point of 
increase of the total sugars is also the maximum point of increase of the 
non-reducing sugars. Tottingham et ol, (13) found that the time of day 
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was less significant than temperature in determining carbohydrate composi- 
tion ; and that solar radiation is the limiting factor in the increases of non- 
reducing sugars when its value approaches 30® C. In addition to a compre- 
hensive resume on this phase, Clements (2) contributed several important 
pieces of research. He found that starch in the leaf of the sunflower can 
drop from the maximum to the minimum within one to two hours. The 
starch content increases after sunset and this, according to Clements, can 
be explained only on an actual return of sugars from the petioles. The data 
which represent the variations in the content of hemicelluloses were of tan- 
tamount significance; indicating, as it did, that the part played by these 
reserves in the metabolism of plants has been generally underestimated. 

The seasonal fluctuations in carbohydrates has been investigated for the 
woody portions of many plants and especially for the apple and the sugar 
maple trees. There appears to be a quite general agreement among these in- 
vestigators that starch accumulates in the phloem and the cortex, and per- 
haps the xylem, of trees in regions of severe winter climate ; and in decidu- 
ous trees in regions of milder winter climate during the summer and autumn 
it diminishes to a minimum or disappears in winter, reappears in large 
quantities in the spring, and diminishes to another minimum as the buds are 
unfolding. They also found that a relationship exists between starch and 
sugars ; namely, that as the one increases the other decreases, and vice versa. 
Murneek (10), Traub (14), Hooker (4) and Murneek and Logan (11) 
have furnished the most important data for apple trees; while Jones and 
Bradlee^s (5) paper is the classic and most recent investigation dealing 
with the sugar maple. 

Some work has been completed on seasonal trends of carbohydrates in 
photosynthetic tissues. Spoehr (12) in his classic observations on the 
seasonal variations of carbohydrates in Opuntia phaeacantha found that low 
water content and high temperatures are associated with an increase of 
pentosans, while a high water content and lower temperatures are associated 
with a decrease of polysaccharides, an increase of monsaccharides, and a de- 
crease of pentosans, Cameron (1), while investigating the orange tree, dis- 
covered that a different state of affairs occurs in evergreen trees in regions 
of mild winter climate. His research shows a constant increase in reserves 
during the autumn and winter. The maximum of reserves, as much as 25 
per cent, of the fresh weight, is in the early spring just prior to blossoming. 
Miyake (9), Lidpross (6), and others have carried out microscopic observa- 
tions and have reported that fhe majority of evergreen leaves of Japan and 
Europe nearly lost the starch from the mesophyll and the guard cells in win- 
ter. The starch content of Japanese coniferous needles is generally more 
abundant -in spring than in late summer or early autumn. 
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Fig. 1. Percentages of dextrose, invert sugar, and dextrosans occurring in Paeu- 
dotsvga taacifolva needles when based on fresh weights. 

The literature has revealed but oue paper closely related to the present 
investigation. Meyer (7) attempted to find a plausible correlation between 
physiological changes w'ithin the needles and the phenomenon of cold resis- 
tance in Finns rigida. His data correspond to that found for the apple and 
the maple presented above, and, like them, he concluded that the autumnal 
accumulation of sugars probably results from temperature etfects upon the 
equilibria between soluble and insoluble carbohydrates. This accumulation 
of sugars during the winter may also be important in the cold resistance of 
the pitch pine needles through the protective action which sugars exert 
against precipitation of proteins. 

Material and methods 

This study was conducted in the Plant Physiology Laboratory of the 
University of Idaho at Moscow. The material involved was collected from 
September, 1935 to May, 1936, and was obtained from the university arbo- 
retum immediately south of the campus. 

Samples of the needles were taken every fifteen days, at daybreak, just 
before sunrise. This time of the day was chosen to reduce any variation 
due to diurnal fluctuations. Needles were always taken from the same 
trees, and always from the lower branches on the south side. This proce- 
dure was an endeavor to obviate, as nearly as possible, such factors as dif- 
ferences in the degree of sunlight, of moisture, and of wind, the relative 
juxtaposition of neighboring trees, and the individualism of different speci- 
mens of the same species. 
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The needles were brought into the laboratory intact with the branches. 
If they were moist from dew or rain, it was first necessary to dry them by 
rolling between paper towels. During the winter months frost, ice, and 
snow encrusted the needles; and, in such cases, the frozen layer was melted 
by a current of warm air and dried as above. Approximately 100 gm. of 
these whole needles were diced into pieces about one-eighth of an inch in 
length. The diced needles were weighed and recorded as the actual sample. 
The sample was placed in a wide-mouthed Erlenmeyer flask, in which 0.25 
to 0.50 gm. of sodium carbonate had been added to an already boiling 
medium of 95 per cent, alcohol. Enough 95 per cent, alcohol was used to 
bring the final concentration of the alcohol to 80 per cent., assuming the 
fresh weight of the needles to be one-half water. The needles were boiled 
twenty or more minutes, were covered to a depth of an inch by adding addi- 
tional 80 per cent, alcohol, and were then stoppered tightly until ready for 
use. 

Owing to the usual difference in temperature outside and in the labora- 
tory it was necessary to complete the above procedure as rapidly as possible 
to prevent ensuing chemical reactions from altering leaf material. By the 
method used, the enzymes in the plant tissues should have been almost 
instantly inactivated. The sodium carbonate, as well as the boiling alcohol, 
facilitated the destruction because of its alkaline nature and its rapid diffu- 
sion into the plant cells. The salt is important in another respect ; namely, 
it neutralizes the various acids which might occur in the needles and which 
might hydrolyze complex carbohydrates and sugars. 

Concomitantly, with the above sampling, determinations of the dry 
weights were conducted. Duplicate samples — 10 to 15 gm. — of homogenous 
freshly diced needles, taken from the same branches as above, were sub- 
jected to 98° C. for two hours to inactivate the enzymes and were then 
transferred to a vacuum oven at 82° C. to complete the desiccation. 

The alcoholic solution was filtered from the stored samples and the resi- 
due was washed several times with hot alcohol. The filtrate was again 
stoppered and stored, while the residue was placed in the vacuum oven to 
desiccate. This desiccated sample was cooled and 'weighed, and then ground 
to a powder fine enough to pass a 100-mesh sieve. Owing to its hygroscopic 
nature it was necessary to redesiccate in vacuo before weighing the ground 
residue. The difference in weights represented the amount lost due to 
grinding, and proved to be an essential factor for the computation of the 
total polysaccharides* 

A Soxhlet extractor was employed to insure complete extraction of the 
various plant sugars in the ground residue. Seventy per cent, alcohol was 
used, and it was found, that with this concentration, two and one-half hours ^ 
extraction would insure complete removal of sugars from the material. 
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After extraction, the contents of the extraction flask were added to the 
original filtrate, and the thimble with its contents was replaced in the 
vacuuni oven to remove all traces of absorbed alcohol. The combined ex- 
tracts, to which 300 to 500 cc. of distilled water were added, were converted 
into an aqueous solution by distillation. This aqueous extract was cleared 
with neutral lead acetate and sodium oxalate. It was filtered into a liter 
volumetric flask and brought up to volume. The cleared solution was then 
taken for the determination of the alcohol-soluble free reducing substances. 
Twenty-five cc. of the cleared solution was used as an aliquot part, which 
not only insured easy computations but kept the mea.sured amount within 
the range of available tables. 



Fig. 2. Poreentnges of dextrose, invert sugar, and dextrosans occurring in Pseit- 
dotsuga t<unfoha needles when based on dry weights. 

To measure the non-reducing sugars (or better, the alcohol-soluble acid- 
hydrolyzable substances) a 100-cc. aliquot of the cleared solution was used. 
This aliquot was placed in a 250-cc. Erlenmeyer flask, and 10 cc. of concen- 
trated HOI (s.g. 1.18) were added. Hydrolysis was allowed to proceed for 
twenty-four hours at room temperatures. At the end of twenty-four hours 
the acid was neutralized with NajCOj and filtered. The filtrate was put 
into a one-liter volumetric flask and made up to volume. An aliquot of 
25 cc. was taken for reduction to determine the total alcohol-soluble free 
reducing substances plus the alcohol-soluble acid-hydrolyzable reducing 
substances. 

The total polysaccharides, which included all the alcohol-insoluble acid- 
hydrolyzable reducing substances, were measured as follows: An aliquot 
part, approximately 3 gm., of the Soxhlet-thimble residue was used for 
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hydrolysis. The aliquot was placed in a 500-cc. flask and 100 cc. of water 
and 10 cc. of concentrated HCl (S.G. 1.18) were added. It was refluxed 
for two and one-half hours, neutralized, filtered into a liter volumetric flask 
and made up to volume. A liquid aliquot of 25 cc. was then taken for 
reduction. 

The Bertrand modification of the Munson and Walker method was 
used exclusively for the determination of sugars in the above three solutions. 

For reasons presented elsewhere in this paper the three classes of carbo- 
hydrates were called dextrose, invert sugar, and dextrose ns respectively. 
The total weight of dextrose was computed by determining the amount of 
copper reduced in an aliquot of the original aqueous solution. In the second 
instance, the copper reduced was due to the additive powers of the alcohol- 
soluble free reducing substances and of the alcohol-soluble acid-hydrolyzable 
reducing substances. Consequently, it was first necessary to subtract the 
amount due to the dextrose from this total in order to compute the amount 
due to the acid-hydrolyzable compounds themselves. The computation of the 
total amount of polysaccharides was more complex, since more factors were 
involved. First, the amount of copper was transferred to grams of dextrose. 
Secondly, the weight of dextrose was multiplied by 0.9 to give the amount 
of dextrosans in each aliquot part. Thirdly, the following formula was 
employed to convert this into the total amount of polysaccharides in any 
given sample : 

X:40 R S 
HG 

The figure and letters in the formula have the following significance : 

X = amount of dextrosan per aliquot. 

40 = the part each aliquot is of the liquid whole. 

H = the amount of residue used for hydrolysis. 

R = the amount of Soxhlet-extracted residue. 

G = the weight of the ground residue. 

S = the weight of the original alcohol residue, before grinding. 

P = the total weight of polysaccharides in each specific sample. 

Presentation and discussion of data 

The chemical data presented herewith in tabular and graphic forms are 
grouped so as to show nw)st conveniently and clearly the variations in chem- 
ical changes of the needles of Finns ponderosa and Pseudotsnga taxifoU^ 
during the more or less dormant seasons of 1935 and 1936. The data pre- 
sented portray certain specific tendencies of the carbohydrate metabolism 
within chlorenchymatous organs. 

No qualitative tests were conducted on the three extracts, prior to 
measurements, to discover the specific reducing compounds concerned. It 
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seemed feasible to assume that the extracts of coniferous needles would 
yield reducing substances which were to a greater degree identical with like 
materials in similar extracts of other plants. Most investigators have like- 

TABLE I 

QUAKTITATIVU tests fob CABBOHTDBATES in needles of PSEVDOraVOA TAXiroUA 


Date 

Geeen 

WT. 

Dkt 

WT. 

Dexteose 

Inveet 

Dextbosans 

Peecentage of 

Peecentage of 

Percentage of 

Gbeen 

WT. 

Dey 

WT. 

Green 

WT. 

Dry 

WT. 

Green 

WT. 

Dry 

WT. 



gm. 

% 

% 

% 

% 

% 

% 

% 

Sept 

20 

94.589 

49.523 

0.91 

1.83 

4.36 

8.80 

9.91 

20.02 

Oct 

5 

100.784 

39.359 

1.29 

3.27 

4.84 

12.30 

16.12 

40.96 

Oct. 

20 

99.018 

40.896 

1.53 

3.74 

19.92 

48.70 

21.81 

53.33 

Nov. 

4 

104.159 

46.353 

2.68 

5.78 

20.55 

44.32 

35.28 

76.11 

Nov. 

19 

93.767 

46.072 

2.25 

4.88 

19.80 

42.96 

27.47 

59.61 

Dec. 

4 .... 

99.787 

50.309 

2.17 

4.32 

16.64 

33.07 

27.00 

53.66 

Doc. 

19 

99.417 

50.529 

2.32 

4.59 

17.99 

35.59 

16.71 

33.06 

Jan. 

3 .. .. 

99.015 

47.317 

1.94 

4.11 

13.39 

32.53 

22.28 

47.08 

Jan. 

18 .. . 

97.177 

46.504 

3.21 

6.90 

22.10 

47.53 

27.02 

58.09 

Feb. 

2 .... 

99.868 

47.329 

1.89 

4.00 

20.79 

43.92 

26.62 

56.24 

Feb. 

17 

101.604 

46.633 

2.55 

5.46 

17.53 

37.57 

23.76 

50.96 

Mar. 

3 

99.801 

49.500 

2.31 

4.66 1 

17.31 

34.98 

19.99 

40.38 

Mar. 

18 ... 

101.587 

47.377 ; 

3.04 

6.41 

18.27 

38.56 

20.59 

43.25 

Apr. 2 (No 


' 1 



[ 




samples) 




. . 1 





Apr. 

17 . . 

99.984 

1 50.583 

2.49 

4.93 1 

14.08 

27.84 

18’68 

36.83 


TABLE II 

QAUNTITATIVE tests for carbohydrates in needles of P/.Vf'/» POSDEttOSA 


Date 

Green 

WT. 

Dry 

WT. 

Dextrose 

Invert 

Dextrosans 

Percentage of 

Percentage of 

Percentage of 

Green 

WT. 

Dry 

WT. 

Green 

WT. 

Dry 

WT. 

Green 

WT. 

Dry 

WT. 



gm. 

% 

% 

% 

% 

% 

% 

% 

Sept 

20 ... 

100.410 

42.067 

0.87 

2.07 

3.55 

8.43 

11.69 

27.79 

Oct. 

5 

108.583 

41.045 

0.99 

2.41 

.1.06 

7.45 

19.43 

47.33 

Oet. 

20 .. .. 

91.127 

41.643 

2.36 

5.66 

12.03 

36.36 

20.20 

48.51 

Nov, 

4 .... 

97.237 

43.236 

2.08 

4.81 

21.93 

50.72 

29.71 

68.72 

Nov, 

19 ... 

102.602 

45.790 

2.20 

4.81 

19.26 

42.06 

26.53 

57.94 

Dec. 

4 

99.638 

45.369 

2.09 

4.61 

15.53 

34.24 

26.31 

57.98 

Dec. 

19 

99.844 

1 44.863 

2.29 

5.11 

17.27 

38.49 

20.55 

45.80 

Jan. 

3 

98.740 

' 43.497 

2.21 

5.09 

21.55 

49.55 

23.56 

54.16 

Jan. 

18 . . 

100.472 

43.322 

2.10 

4.85 

15.33 

35.38 

25.67 

59.25 

Fob. 

2 .. 

100.189 

42.417 

1 2.05 

4.83 

19.40 

45.74 

23,89 

56.31 

Feb. 

17 

101.634 

41.490 

1 2.59 

6.25 

20.37 

49.09 

28.17 

67.89 

Mar. 

3 

99.715 

, 42.629 

3.01 

7.07 

16.41 

38.49 

24.05 

56.41 

Mar. 

18 

100.752 1 

44.221 

2.85 

6.45 

22.35 

60.55 

32.66 

73.85 

Apr. 2 (No 

8Amn1«ftY 

1 

1 








Apr. 

17 

101.845 ! 

44’690 

1.65 

3!76 

12.92 

29A5 

19.98 

45.53 
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wise assumed that the reducing substances were various sugars without first 
conducting a qualitative test to authenticate their assumption. This has been 
a successful assumption to date ; however, it leads into an impossibility in the 
present investigation. Tables I and II show that on November 4, 1935, as 
well as for other days, the total carbohydrates exceeded the dry weight. 
Since all previous papers have followed this nomenclature and since it 
simplifies the phraseology of the discussion, the terms dextrose, invert, and 
dextrosans will be used, meaning respectively, the alcohol-soluble free re- 
ducing substances, the alcohol-soluble acid-hydrolysable reducing sub- 
stances, and the alcohol-insoluble acid-hydrolysable reducing substances. 

It has long been known that a marked difference between gymosperms 
and angiosperms occurs not only in the structure but also in the chemical 
composition of the tissues. The cell sap of conifers has yielded*^ pentose 
sugars in considerable quantity, and, likewise, the hydrolysis of their cell 
walls has shown that pentosans constitute the major portion of the struc- 
tural hemicelluloses. A qualitative test was conducted for pentose sugars 
and pentosans on November 4 and succeeding dates. Positive results were 
attained for the dextrose and dextrosan extracts. Their decomposition 
product, furfural, was detected in both the invert and the dextrosan ex- 
tracts. Coniferous trees synthesize oil with the approach of cold weather 



ponderosa needles when based on fresh weights. 

in such noticeable quantities that the Germans have frequently referred to 
them as the ^‘Pettbaume.^’ During this synthesis, hexose sugars are 
changed into precursors of oils, gums, and fats via pyruvaldehyde and py- 
ruvic acid, both of which will reduce Pehling’s solution. If either or both 
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of these substances were known to be present, or if compounds were known 
to be present which would on hydrolysis yield these reducing substances, the 
high amount of cuprous oxide released could be explained. No qualitative 
tests were conducted for these compounds because of the complicated and 
lengthy procedures involved. There remains one other plausible explana- 
tion; namely, that certain other decomposition compounds with reducing 
properties occur in the extracts. That this last actually did occur has been 
partially proven. Formaldehyde was detected in the dextrosan extract on 
November 4 for both species. Secondly, the sudden drop in temperature 
the first few days of November, prior to the establishment of the needles’ 
cold-resisting mechanism, injured the needles of conifers throughout the 
arboretum. They became brown, flaccid, and underwent abnormal senes- 
cence. Some rotted on the limbs, while others dropped throughout the 
winter. This specific condition is abnormal to prevailing conditions in the 
Pacific Northwest. Although needles with macroscopic injuries were 
avoided, it does not prove that the samples were void of material with in- 
ternal injuries and decomposition products. 

Repeated checks have definitely proven that the fallacy is not in the pro- 
cedure and methods involved but must be incorporated in the interpreta- 
tion of the data secured. The various extracts, and especially the dextro- 
san, must therefore contain other reducing compounds in addition to the 
sugars. 

Considerable care should be taken before drawing conclusions from the 
data based on percentages. The order of error, under the conditions here 
measured, seems about the same whether expressed as percentage of dry 
weight or of fresh weight if, on the one hand, the change is due to dry 
matter loss, and, on the other, to water absorption. 

Attention is called to the low percentages and the limited variations in 
the dextrose during the colder seasons. Figures 1 and 3 illustrate this uni- 
formity, which would be even more striking if based on its divergence from 
a seasonal average. That dextrose remains a fairly uniform constituent 
part of the coniferous needles is in accord with results obtained by Jones 
and Bradiase (6) and others. These results, however, are not universal, for 
Murneek and Logan ( 11 ), Hooker ( 4 ), and Traub ( 14 ), all of whom 
worked with the apple, found significant variations of these reducing sugars 
throughout the year ’s cycle ; however, even they found a marked uniformity 
during the colder seasons, Meyer’s (7) results on the pitch pine leaves 
showed a limited variation in dextrose from October to April. All of the 
above data point to the lability of dextrose solutions, which indicates that 
it might be an intermediate product involved in the metabolism of the plant. 
Undoubtedly, upon reaching a certain maximum percentage, dextrose is 
condensed or polymerized into reserves and structural materials of the 
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Fig. 4. Percentages of dextrose, invert sugar, and dextrosans occurring in Finns 
ponderosa needles when based on dry weights. 

plant. Catabolic processes, on the other hand, would tend to produce dex- 
trose as a hydrolysis product of the reserves and as an intermediate stage 
in the plant's respiratory functions. Many have assumed that environ- 
mental factors do not affect variations in dextrose percentages directly, but 
only indirectly through their influence on photosynthesis and hydrolysis of 
reserves on the one hand and on respiration and the synthesis of reserves 
and structural materials on the other. 

Figures 2 and 4 tend to accentuate the great variations in invert sugars 
throughout the colder seasons. No maximum was found in midwinter, as 
has been reported in numerous papers. This at first appears contradictory 
but, on a more detailed study, agrees in its entirety with the results of the 
above workers if based on temperature relationships. 

It is, in general, to be noted that invert sugars undergo no periodic 
changes but necessitate the establishment of the nature and the rate of its 
metabolic rearrangements and disintegration as affected by the climatic 
conditions. Clements (2), working with the sunflower, and other investi- 
gators working with the apple and the maple, have reported actual migra- 
tion of sucrose from the branches and petioles back into the leaves on the 
approach of cooler weather. This in itself would partially explain the rela- 
tively high constituent part of invert sugar in the October 20 sample, for 
both the pine and the fir. The high results of November 4 and thereafter 
are, however, p 2 X)bably due to the presence of certain decomposition 
products. 
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The gradual lessening of the starch content, and other polysaccharides, 
in other plants from September on, in opposition to the accelerated incre^s 
of the sucrose and the hexoses which are maintained throughout the winter, 
has been recorded in all research papers reviewed, save one. That a dif- 
ferent state of affairs obtains in evergreen trees in regions of mild winter 
climate is indicated by Cameron (1) investigation, which shows a con- 
stant increase in reserves during the autumn and winter. He obtained a 
maximum in early spring just prior to blossoming when the reserves con- 
stitute as much as 25 per cent, of the total fresh weight. Meyer (7), the 
only other w^orker on the carbohydrates in coniferous needles, did not 
measure the polysaccharides. The data represented by tables I and II or 
by figures 1 and 3 clearly reveal that the dextrosans did accumulate during 
autumn and did not decrease as recorded by most investigators. The 
higher peaks plotted require an explanation based upon interconversion 
into different t^-pes of compounds rather than upon actual storage of re- 
serves. It is of interest to note that a definite relationship does not exist 
between the dextrosan and the invert sugar curves. For Pinm ponderosa 
from September 20 to October 5 and from December 4 to January 18, in- 
clusive, and for Pseudotsuga taxifolia from December 4 to January 3, in- 
clusive, the dextrosan curves increased and decreased concomitantly with 
the opposite accelerated change in the invert curves. At all other times a 
change in the one class was accompanied by a similar change in the other. 
There Avere no relative changes found in either case, and therefore the data 
do not autlienticate a direct relationship between dextrosans and invert 
sugars. They do, nevertheless, indicate a possible relationship for the dates 
listed above, but even in these cases there is no correlation. 

A marked modification of the starch content concomitant w’ith changes 
in the temperature was observed by Lidforss (6), who showed that all 
European evergreen leaves in temperate latitudes are quite starch-free from 
the beginning of December throughout the winter. With the advent of 
higher temperatures in spring the starch again appears. Miyake (9) re- 
ported similar conditions existing in Japan. In the present investigation, 
the Soxhlet-residue w^as treated with iodine and examined microscopically. 
The results are tabulated in table III. Only once, on November 4 immedi- 
ately following the sudden drop in temperature, w^as the Douglas fir void 
of starch. The data, taken as a whole, do agree with the results of the above 
papers; namely, the relative amount of starch decreases with a decrease in 
temperature and increases again wdth a return to higher temperatures. It 
is worthy of notice that with a change in relative amounts of starch there 
is often the opposite change in the quantity of dextrosans. This materially 
strengthens the hypothesis that the changes occuring in the dextrosan 
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TABLE III 

Belative amounts op sta&ch observed MICROSCX)PIOALLY* 


Date 

PSBUDOTSVaA TAXIFOLIA 

Pirns P 0 NDBR 08 A 

Sept. 20 

Medium 

Slight 

Ot. 5 

Slight 

Medium 

Oet. 20 

Slight 

None 

Nov. 4 

None 

None 

Nov. 19 

Medium 

Slight 

Dec. 4 

Medium 

None 

Dee. 19 

Slight 

None 

Jan. 3 

Slight 

Slight 

Jan. 18 

Slight 

None 

Feb. 2 

Slight 

Slight 

Feb. 17 

M^ium 

Slight 

Mar. 3 

Medium 

Much ‘ 

Mar. 18 

Much 

Medium • 

Apr. 2 



Aur. 17 

Abundant 

Abundant 


* An arbitrary set of standards was employed. 

extracts are due to changes in the types of reducing substances rather than 
actual changes in the quantity of reserves present. 

An attempt was made to determine a possible correlation between sac- 
charide fluctuations and climatic changes. 

Meteorological data covering the entire period of this study were secured 
from the local Weather Bureau situated within an eighth of a mile of the 
arboretum where the trees were located. 

Little doubt exists that certain metabolic functions within the plant are 
regulated by climatic changes indirectly. It is equally agreed that, of all 
the climatic factors, temperature is the most potent in its regulatory effect 
on the changes in carbohydrate quality. The influence of temperature on 
the carbohydrate content of plants such as conifers is, of course, the sum- 
mation of the effect of this factor on a variety of activities ; and, as a con- 
sequence, no mathematical correlation is to be expected. The data bear 
this out on the one hand, while on the other they establish certain relation- 
ships with the specific types of the elaborated foods. Since there are nu- 
merous ways by which temperature data can be represented, they were 
graphed in various forms to determine which most closely agreed with the 
carbohydrate data presented herewith. The curves were plotted from 
averages of the five days prior to each sampling. Whether the minimum 
temperature is the more important in its effect on certain enzyme actions 
causing the conversion of reserves into labile forms, or whether the maxi- 
mum temperature in its regulatory r61e on respiratory and photosynthetic 
activities is the m6re important, is very difficult to ascertain. 

A oompari^on of figure 5 with figures 1 and 3 obviates the necessity of 
detailed discussion and demonstrates the generalizations below. The dex- 




WORLEY : CARBOHYDRATE CHANGES IN PINE NEEDLES 


767 



Fia. 5. Maximum and miniinuin temperature curves computed from averages of five 
days prior to each sampling. 

trose content starts at a relative minimum and increases toward a maximum, 
which is limited to a small percentage of the total fresh w^eight, as the mini- 
mum temperature drops toward the freezing point. During the freezing 
temperatures the dextrose percentage remains comparatively near its max- 
imum and fluctuates only slightly. This is strengthened by the results of 
Jones and Bbadlee (5), which tend to demonstrate that the so-called 
critical tree temperatures need not cover a very wide range above or below 
32° F. within the tree and are governed by corresponding external air con- 
ditions. 

The distinct gain in invert storage in the autumn months, which is shown 
with its maintenance, though in different proportions, throughout the winter 
months, does indicate a definite relationship with the prevailing tempera- 
tures. A superimposition of the invert sugar curves upon figure 5 defi- 
nitely reveals an inverse relationship. This is universally accepted. 

Except for Cameron (1), all investigators have reported a decrease in 
percentage of reserve foods coincident wdth a lowering of the temperature 
and a redeposit of these carbohydrates with a return to the higher tempera- 
tures. Table III when compared with figure 5 shows that this relationship 
for starch holds for the coniferous needles concerned. The dextrosan 
curves, represented in figures 1 and 3, however, agree with similar measure- 
ments by Cameron (1), on the orange. The sharp maxima in the curves 
can be explained only by decomposition products caused by the very sud- 
den drops in the temperature during the days just prior to the taking of 
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the samples. A definite positive relationship between starch content and 
temperature appears to exist ; while a negative relationship, just as striking 
in aspect, is evident between erratic temperature changes and the fluctua- 
tions in alcohol-insoluble acid-hydrolyzable reducing substances. When the 
temperature changes were gradual a positive relationship existed between 
temperature and this class of compounds. 

Other habitat factors, although exerting less effect, might be considered. 
Prom data not included here, it was found that the range of available sun- 
light presented no measurable fluctuations. A similar comparison indi- 
cates that the water content may either diminish or accentuate the effect of 
the temperature. This depends whether a drop in the former is coincident 
with a drop in the latter or if a rise in the former and a lowering of the 
latter occur at the same time. 

It was found by Gatl (3) that the osmotic pressure of expressed cell sap 
in some deciduous and non-deciduous plants reached a maximum during the 
winter months, and that there was a decrease in the spring and a gradual 
rise again with the arrival of autumn. He advocated the theory that this 
change of osmotic pressure was partially due to the changes in the sugar 
content. A plausible connection between variations in carbohydrates and 
osmotic pressure was sought; but, since no osmotic pressure measurements 
were made on the cell sap of the material involved, it was necessary to seek 
the relationship through an indirect procedure. It is possible, however, to 
compare Gail’s data and the data of this study by using the respective rela- 
tionships with the temperatures as the medium. Prom such a comparison 
it is possible, and may be argued, as Meyer (7) has likewise pointed out, 
that the invert sugars in the needles serve to regulate the osmotic pressure 
owing to its ready interconversion to other forms. This regulation could be 
quite as well effected by the precipitation of the polysaccharides. 

Summary 

1. Quantitative measurements were made for three classes of carbohy- 
drates in the needles of Pinus ponderosa and of Pseudotsuga taxifolia to 
determine their fluctuations during the more or less dormant seasons. The 
Bertrand modification of the Munson and Walker method was followed. 

2. Reducing compounds other than sugars occurred in some of the 
extracts. Purfural and formaldehyde were definitely identified. 

3. The hexose and pentose sugars, or better, the alcohol-soluble free re- 
ducing substances, maintained low percentages and limited variations dur- 
ing the colder seasons. 

4. The distinct gain in alcohol-soluble acid-hydrolyzable reducing sub- 
stances in the autumn months, with its maintenance, though in different 
proportions, throughout the winter months, indicates a definite inverse re- 
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lationship with the prevailing temperatures. Disaccharides and furfural 
are the major constituents of this group of compounds. 

5. Alcohol-insoluble acid-hydrolyzable reducing substances, which con- 
tain starch, other dextrosans, and reserve hemicelluloses, increased rapidly 
immediately following a sudden drop in temperature ; during gradual tem- 
perature changes a positive relationship existed. 

6. The relative amount of starch decreased with a decrease in tem- 
perature and increased again with a return to the higher temperatures. 

7. The changes occurring in the ^^dextrosan’’ extracts are due to a 
change in the type of reducing substances rather than an actual change in 
the quantity of reserves present. 

8. The seasonal variations in the needles’ soluble carbohydrate content, 
including hexoses, pentoses, and certain hemicelluloses, appear to be par- 
tially responsible for the seasonal variations in the osmotic pressure of the 
cell sap. 

The writer wishes to express his gratitude to Dr. Floyd W. Gail for sug- 
gesting this problem and for his guidance throughout the investigation and 
preparation of the manuscript. 

Department or Botany 
University op Idaho 
Moscow, Idaho 
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SURVIVAL OP ISOLATED TOMATO ROOTS AT SUBOPTIMAL AND 
SUPRAOPTIMAL TEMPERATURES 

Philip B. White 
(with one figure) 

In their early root-tip cultures, Robbins (3, 4) and Robbins and Mane- 
vAii (5, 6) regularly made transfers to fresh media at about 2-week intervals. 
No reason is given by the authors for the choice of this period. Kotte (1) 
and Mautschev (2) used periods of various lengths, determined apparently 
by the increment rates of the individual cultures. In earlier work (7, 8), 
dealing with the effects of various external factors on grovrth of isolated 
roots, three components of the environmental complex : passage length, con- 
centration of sugar, and concentration of yeast extract, were arbitrarily 
chosen to correspond with those u.sed by Robbins. Since only the gross 
increments for the entire period were recorded, this passage length appeared 
to be satisfactory. In later work, however (9) when increments were re- 
corded daily over an extended period of time instead of fortnightly, it 
became evident that the interval previously chosen was far too long for 
optimal results. The mean daily increments for 100 cultures measured 
daily for 25 weeks were, for the first 7 days : 3.6, 4.2, 5.6, 6.1, 5.9, 6.4, and 
5.8 mm. per culture per day. The maximum rate of growth was thus 
reached somewhere between the 4th and 6th days. Thereafter the growth 
rates were not recorded regularly, but it was noted that they fell off 
gradually until, at about the 10th to 12th day, the increments were 
negligible. In most of the experiments subsequently carried out with these 
cultures, a period of one week, slightly longer than the optimum indicated 
by these figures, was employed, since such a period simplified the keeping 
of records. 

A routine involving weekly transfers is satisfactory where, as is the ease 
in most experimental work, a rapid turnover of cultures is desirable. How- 
ever, when a great number of cultures has to be maintained, weekly transfers 
become costly of both materials and time. Such is the ease, for example, 
with the group of stock cultures of virus-bearing roots maintained in this 
laboratory (10). A half-dozen different viruses, each in a separate set of 
roots, and each requiring a minimum of 10 replications for its proper main- 
tenance, makes a total of 60 cultures. It is anticipated that ultimately 
many more viruses will be maintained in root cultures. 

Although optimal growth did not ordinarily occur at room temperature 
after the 6th day, cultures were in some cases kept alive over very much 
greater periods of time without transfer. Roots left for long periods with- 
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out transferring ceased to grow normally; the growing points became 
swollen and crooked, and often turned brown. After a period of dormancy, 
new branch roots were put out, often in clusters just back of the old growing 
points, and active growth was resumed for a time. These new rootlets 
finally stopped growing, the same symptoms of injury appeared, and a sec- 
ond period of dormancy supervened, followed by the formation of still 
another set of new growing points. Such a cycle might be repeated several 
times, the cultures remaining alive even after the culture solution had evap- 
orated down to a small fraction of its original volume. Cultures of clone B 
(9) were recovered on one occasion after being allowed to stand without 
transfer for 145 days. Cultures so treated, however, were subjected to con- 
siderable danger of ultimately becoming contaminated by penetration of 
molds through the cotton plugs, and, although roots so infected were fre- 
quently recovered in an aseptic condition, the risk of loss was great. More- 
over, when a root was allowed to grow undisturbed for a long period, even 
though the growth rate was definitely suboptimal, the flask became filled 
with a tangled mass of branching rootlets from which it was difficult to 
isolate and remove satisfactory fragments for subculture. The handling 
involved in the isolation of subcultures from such masses greatly increased 
the danger of loss by contamination. Furthermore, recovery of such mate- 
rial upon transfer to fresh nutrient was in a considerable percentage of 
cases slow and irregular. This procedure was obviously not to be relied 
upon as a routine method of maintaining cultures for long periods. 

With these observations in mind, it seemed worthwhile to attempt to 
develop procedures by which the length of time between transfers could be 
increased without seriously impairing the vitality of the roots. The tem- 
perature-growth-rate curve for isolated tomato roots has previously been 
shown (11) to be extremely sharp, with a maximum at 30° C. Since growth 
was reduced both above and below this point, the use of suboptimal and 
supraoptimal temperatures seemed to offer a possible means of increasing 
the passage length. The present paper describes experiments planned to 
deal in greater detail with the effects of such temperatures. 

Experimentation 

As was shown elsewhere (11), growth of isolated tomato roots was prac- 
tically nil at 5°, 8°, 10°, and 40° C., and took place at a very slow rate at 
15° and 35° C. Growth at temperatures between 20° and 33° C. was fairly 
rapid and could be maintained indefinitely, but at 32° and 33° C. the roots 
were often discolored and evidently in poor condition. To determine 
whether the submaximal growth rates obtained at suboptimal and supra- 
optimal temperatures were due to injury or merely to temporary retarda- 
tion of the metabolic processes, cultures kept for one week at each of the 
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temperatures mentioned above, with the exception of 32° and 33° C. were 
subsequently transferred to room temperature (ca. 22° C.) for a second 
week. Growth rates were recorded for both passages. In all cases, with the 
exception of those kept at 35° and 40° C., the growth rates at 22° C. were 
normal, that is, recovery was complete (fig. 1). Cultures grown at 35° and 
40° C. and then transferred to 22° C., on the other hand, made no recovery. 



Pig. 1. Growth rates of isolated tomato roots grown for one week at a series of 
controlled temperatures and then transferred for a second week to a temperature of 
about 22° C. 

It was evident that, while brief exposure to suboptimal temperatures not 
reaching the freezing point was not seriously detrimental to isolated roots, 
similar exposure to supraoptimal temperatures did seriously injure them. 
Since it is known (11) that continuous growth at a moderate level can be 
maintained at 20° C. (winter room temperature), further study was re- 
stricted to temperatures below this level. Growth \vas studied in detail at 
two temperatures, about 8° and 15° C. 

Survival at about 8° C. was tested over periods of from 1 to 10 weeks 
(March 5 to May 14, 1934). One hundred cultures from clone C (9) were 
prepared simultaneously and measured. They were placed together in a 
darkened cellar room having at the beginning of the experiment a tempera- 
ture of 6.7° C. and at the end of the 10-weeks' period a temperature of 16° 
C. The highest temperature reached while viable roots remained in the 
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room (see below) was IV C. The gradual rise in the temperature was due 
to the coming of spring. Ten cultures were removed at the end of each week 
to a laboratory having a temperature of about 22® 0. and were measured. 
They were allowed to grow and were transferred each week. This was con- 
tinued until either they had resumed a rate of growth equal to that in the 
controls, or else had shown clearly that they would not attain such a growth 
rate within a period suitable for routine use. The approximate growth 
rates of this series expressed as percentages of the controls are shown in 
table I. After the first week growth at 8® C. was too little to be measured. 

TABLE I 

Increment rates or i 80 LATEa> tomato roots grown for various periods at 7-16® C. 

AND THEN TRANSFERRED TO 22® C. 



Tem- 

pera- 

ture 

Weeks— » 1 

2 

3 

4 

5 

6 

7 

8 

9 

10 


0 

7 1 

1 100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

Weeks 

1 

7 

5 

; 321 






Growth rates 


2 

8 

5 

0 

40 

148 




at 

22® 


before 

3 

8 

5 


0 

1 0 

0 

120 






4 

10 

5 



0 1 

0 

95 

140 




transfer 

5 

11 

5 




0 

i 0 

6 

no 




6 

11 



Growth rates 

0 

1 0 

0 

0 

0 

to 

7 

12 1 

1 5 


at 7-16 

0 


0 I 

* 

- 

- 


8 

13 

5 







* 

- 

- 

22® 

9 

15 ' 

5 








- 

- 


10 

1 

5 







« 

- 

- 


* Contaminated with molds. 


Recovery of each group as a whole was complete after 3, 2, 3, 4, and 5 
weeks. At the end of this time the temperature of the culture room was 11® C. 
Recovery did not occur when cultures were exposed for longer periods. 
After one week, 9 of the 10 cultures resumed growth from the old growing 
points. The same was true after 2 weeks. But after 3 weeks all original 
growing points were dead and the subclone was recovered from newly laid 
down lateral initials in 3 cultures which survived out of the original 10. 
After 4 weeks, 4 cultures survived and produced viable laterals, but were 
without viable terminal growing points. After 5 weeks, 3 cultures survived 
in the same way. After 6 weeks, 2 cultures survived but grew very poorly. 
Seven weeks after beginning the experiment, all cultures in the experimen- 
tal room became simultaneously contaminated with molds. This general 
contamination was probably due to the excessively moist conditions prevail- 
ing in the room at this time, which allowed molds to develop on and pene- 
trate the cotton plugs protecting the flasks. 
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It is evident from the data presented above that, although recovery mwy 
occur after 5 or 6 weeks at 7-11® C., such recovery is uncertain after more 
than 2 weeks. Temperatures of 10® C. or less thus offer little if any advantage 
over room temperature for the maintenance of roots. 

Survival at 15® C. was tested in the same way, using a constant tempera- 
ture oven controllable to it 2.0®. Eighty cultures were prepared and 10 
cultures removed after each week for 8 weeks. The results are shown in 
table II. The mean growth rate for all cultures at 15® C. was 1.6 mm. per 


TABLE II 

Increment rates or isolated tomato roots grown for variocs periods 

AT 15® C. AND THEN TRANSFERRED TO 22® C. 


Weeks— > 

] 

2 

3 

4 

5 

6 

7 

8 

9 10 


0 

100 

100 

100 

100 

100 

100 

100 

100 

100 100 

Weeks 

1 

30 

1 164 

147 





Growth rates 

at 

2 


30 

1 106 

147 





at 22» 

15® C 

3 



30 

‘1 83 

140 





before 

4 




30 

1 43 

120 




transfer 

5 


Growth rates 


30 

1 80 

163 



to 

6 


at IS” 



30 

1 146 

156 


22® 

7 







30 

1 150 

159 


S 








30 

“1 123 197 


culture per day, about 30 per cent, of that of the control. At every period 
studied the roots showed some recovery in the first week after exposure to 
room temperature, and in only three cases (3, 4, and 5 weeks) were the ex- 
perimental cultures exceeded by the controls. When held for 2 weeks at 
room temperature, all experimental groups recovered completely, and at the 
end of this time all were growing more rapidly than the controls. The 
mean percentage index for all groups was 153, and the lowest index, that 
for 4 weeks at 15® C., was 121. It is thus evident that such roots could not 
only be kept without transfer for at least 8 weeks at 15® C. without injury, 
but that they were actually stimulated by such treatment. 

These figures, however, do not tell the whole story, for the original grow- 
ing points of all cultures kept for more than 5 weeks at 15® C. were killed, 
recovery in these cases being from newly formed laterals. Symptoms of 
injury similar to those occurring at room temperature after 10 to 12 days 
appeared in these cultures after 4 to 5 weeks. 

It seems probable from these results that the temperature at which truly 
satisfactory growth can be maintained with the greatest length of passage 
should lie somewhere between 8® C., at which no growth occurred, and 15® 
C., at which the growth rate was reduced to about 30 per cent, of its value 
at room temperature. For practical purposes, however, a more exact analy- 
sis is unnecessary. By keeping cultures at 15® C., isolated roots can be 
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maintained in good condition without transferring oftener than once in 2 
months. The application of such a method in the maintenance of stock 
cultures is evident. 


Summary 

Isolated tomato roots kept at 7-11° C. for longer than two or three weeks 
without transfer die. If kept at 22° C. they must be transferred weekly if 
they are to be maintained in good condition. At 15° C. they will remain in 
good condition if transferred at intervals of two months. A temperature of 
about 15° C. is thus more suitable than 8° C. or 22° C. for the maintenance 
of large numbers of stock cultures. 

Department of Animal and Plant Pathology 

The Rockefeller Institute for Medical Research 
Princeton, New Jersey 
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SEPARATION FROM YEAST OP MATERIALS ESSENTIAL FOR 
GROWTH OP EXCISED TOMATO ROOTS 

Philip R. White 
(with eleven figures) 

Introduction 

Three years ago the results of experiments on the cultivation of excised 
tomato root-tips, in vitro, for a period of one year were reported (7). Prom 
the data available at that time it was concluded that such roots could be kept 
growing and be maintained in apparently normal condition for potentially 
unlimited periods of time. The environmental complex used was shown to 
be adequate for all requirements of growth. Aside from possible traces of 
impurities in the salts and sugar used, only one factor of the environmental 
complex, namely, the extract of yeast, amounting to 0.01 per cent, of the 
nutrient, was recognized as unknown. Identification of the materials in this 
unknown and their replacement by known materials were considered 
important problems for the future. The idea that any growth-limiting 
material, such as a hormone, might be furnished to the culture from the 
parent plant was shown to be untenable. Since, however, such diverse ma- 
terials as vitaniines, auxins, auximones, bioses, and nutrilites, as well as 
biologically active sugars, accessory mineral elements, haemin, sex hormones, 
insulin, nucleic acids, porphyrins, and many other materials of uncertain 
physiological significance have been recorded as constituents of yeast, the 
presence of the yeast extract in the nutrient obviously represented a serious 
stumbling block to any definite conclusions as to the nutritional requirements 
of the plant tissues under consideration. The fact that Robbins ( 2 ) using a 
nutrient-containing peptone. White ( 4 ) using a fibrin digest, Kotte ( 1 ) 
and White ( 4 ) using meat extract (Liebig), and Kotte ( 1 ) using various 
amino acids, all obtained some growth, suggested that the constituents neces- 
sary for normal growth might not be specific to yeast, but none of them had 
been identified. The work presented here was planned to throw light on the 
nature of these constituents. 

Materials and methods 

Roots for study were of a single clone obtained from the tomato variety 
Bonny Best. They had been kept in continuous culture for more than two 
years (8). All tips used were selected carefully for uniformity in appear- 
ance. Successive series of 14 to 16 different nutrient solutions, each repre- 
sented by 20 cultures, were grown under as uniform conditions as were 
obtainable in an ordinary diffusely lighted laboratory. Each series, unless 
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otherwise, stated, included two sets of controls one employing the 
standard nutrient developed in previous work (6, 6), the other the same nu- 
trient with the yeast extract omitted. The results obtained in the 12 to 14 
nutrients under investigation in each series were then compared with those 
given by one or both of the controls. 

The method of preparing the standard nutrient (6, 7) has been somewhat 
modified. The constituents were made up in five solutions containing: (1) 
nutrient salts, (2) “accessory*’ salts, (3) iron, (4) sugar, and (5) accessory 
organic materials. The nutrient salt solution was prepared as follows : 140 
gm. (CaNO,)2 5H,0, 67 gm. KCl, 81 gm. KNO3, and 12.25 gm. KH^PO, 
were dissolved in 8 liters of distilled water. 74 gm. MgS04 7H2O were dis- 
solved in 2 liters of water. The second solution was then poured slowly into 
the first with constant stirring. A slight precipitate eventually fortned but 
was not carried over into the final nutrient. Ten ml. of this stock solution 
were suflScient for a liter of nutrient. The “accessory salts” solution con- 
tained 300 mg. ZnSO^, 270 mg. Na2Si03, 1070 mg. Al2( 804)3, KI, 

320 mg. H^BOa, 560 mg. NaCl, 440 mg. MnS04, 40 mg. NiClg, 39 mg. LiCl, 
40 mg. CoCla, and 10 mg. CUSO4 in ten liters of water. As in the case of the 
nutrient salt solution, 10 ml. of this solution were sufficient for 1 liter of 
nutrient. The iron and sugar were made up fresh each time nutrient was 
prepared; 2.5 mg. Feg (804)3, and 20 mg. sucrose were added to each liter of 
nutrient. The accessory organic materials were the only variables in the ex- 
periments to be reported here. In the nutrient used for cultures designated 
as “controls without yeast,” such materials w^ere entirely omitted. The 
“controls with yeast” contained yeast material prepared as follows: 25 mg. 
of yeast (“Brewer’s Yeast — Harris”) were boiled for J-hour in 2 liters of 
distilled water. While still hot the preparation was centrifuged for 5-10 
minutes at high speed. The supernatant fluid was decanted, made up to 2.5 
liters and distributed to Pyrex test-tubes in 50-ml. aliquots. These 
were autoclaved at one atmosphere pressure for 20 minutes, cooled, and 
stored for future use at - 15^ C. Ten ml. of this preparation were sufficient 
for 1 liter of nutrient. One liter of the standard control nutrient then 
contained 10 ml. of the nutrient salt solution, 10 ml, of the accessory salt 
solution, 10 ml. of the yeast preparation, 2.5 mg. Fcj (864)3, and 20 gm. 
sucrose. 

The roots were measured daily, and the growth increments of the 20 
(sometimes 10) cultures in each nutrient averaged. Most series were re- 
peated two or more times. The results have been plotted as average incre- 
ments in length expressed in terms of millimeters per culture per day. The 
curves obtained indicate the increment trends clearly. The experiments 
reported were made during the period from September, 1934, to May, 1936. 
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Experimental results 

Yeast extract was shown by Robbins (2) and White (6) to be bene- 
ficial to isolated root-tips. Robbins found that the stimulative effect did not 
become evident until after several passages (2). Whitens experiments with 
yeast were carried out for a single passage only and were, therefore, unsuit- 
able for determining any but the gross requirements of the tissue. More- 
over, the measurements recorded by both authors were made only at the end 
of one or more passages of 2 weeks’ duration. It seemed possible that the 
growth recorded might all have occurred in the first part of the passage, at 
the expense of material from the tissue of the initial explant. Thus, neither 
author demonstrated unequivocally the essential nature of these yeast ma- 
terials. To determine whether or not records of daily growth rates would 
throw light on this problem, 10 cultures were made in a nutrient lacking 
yeast material, with 10 controls in a complete nutrient. The increments were 
recorded daily for one week. The results are plotted in figure 1. The aver- 
age total increment in the first passage, in the absence of yeast, was 41 per 
cent, of that obtained in the control nutrient, a figure comparable to that 
previously recorded by Robbins (2) and by White (7) ; but the average 
final daily increment rate in the absence of yeast was only 13 per cent, of the 
control, indicating that very little growth was possible as the end of the 
period was approached. Subcultures were made from each set to a nutrient 
similar to that used during the first week. The growth rate of the experi- 
mental cultures decreased still further, so that at the end of the second pas- 
sage the increments at the original growing points in the experimental series 
were nil and the growth that occurred in the most rapidly growing branches 
was only about 2 per cent, of that recorded for the controls. Addition of 
yeast ash (3) on the 5th day of the second passage did not increase growth. 

The slow rate of increment at the end of the second passage is not, how- 
ever, indicative of lack of vitality in the cultures. More branches were 
formed in the absence of yeast than in its presence. But these branches, 
although in apparently healthy condition, grew for only a short time. The 
tips soon died, and new branches were formed. This suggested that essen- 
tial nutrients, freed by the dying of the older growing points, were reutilized 
in forming new ones. When cultures grown in a deficient nutrient were 
transferred at the end of the second passage to a complete nutrient, the 
increment rates rose sharply on successive days from 0 per cent, to 46, 91, 
110, 140, and 180 per cent, of the controls. In the fourth passage, this high 
level was at first maintained but fell off gradually until in the fifth passage 
both groups were growing at approximately the same rate. Similar behavior 
was observed when roots were subjected to sub-optimal temperatures (7-*10® 
C.) for a time and then returned to room temperature (9). This observa- 
tion seems to indicate that adverse conditions may slow down certain meta- 
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bolic processes 'while leaving others unaffected, permitting storage of excess 
quantities of some material which under normal growing conditions is a 

PASSAGES 



DAYS 


Fig. 1. Effect of omission of yeast extract from the nutrient for 2 passages,* fol- 


lowed by return to a complete nutrient for 3 passages thereafter. 



Photograph bg J, A. Caulilb 


Fig. 2. Upper row, roots grown for 3 weeks in nutrient lacking yeast extract. Lower 
row, roots grown without yeast extr^et for 2 weeks, then returned to a complete nutrient 
for 1 week, x 0.5. 

* ‘ < Passage 1 ^ Mn this experiment is passage 76, counting from the time when the 
clone was isolated. The roots had been maintained through 75 passages under standard 
conditions before being used in this experiment. Other experiments recorded here were 
carried out with roots previously maintained for from 75 to 160 passages under standard 
conditions. 
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limiting factor. In further experiments roots kept in a nutrient lacking 
yeast for periods of 1, 2, 3, 4, and 5 weeks all recovered when transferred to 
a complete nutrient. Examples of such roots are shown in figure 2. 

The results indicate clearly that some material supplied by yeast extract 
ts essential for satisfactory growth. The rapidity with which this deficiency 
shows up, as indicated by the abrupt divergence between the curves of figure 
1, shows that this material is carried over with the explant in smaller 
amounts than are required to sustain normal growth over a period of one 
week or longer. These results have been verified repeatedly in the controls 
of a number of different experiments. It is evident that under the experi- 
mental conditions used here, the form of the growth curve within a single 
passage can be taken, tentatively at least, as an indicator of the efficiency of 
any nutrient. 

A standard concentration of an extract of 100 mg. dried Brewer’s yeast 
(Harris) per liter of nutrient was used in all experiments up to this point. 
The choice of concentration to be used was based on the work of Robbins 
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Fio. 3. Curves showing growth rates in nutrients containing extracts of from 10 to 
1000 mg. of yeast per liter. 
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(> 2 ), and was about the minimum which he found satisfactory. Since the 
yeast employed by Robbins was autolyzed, while the preparation used in this 
work was pasteurized at the height of its activity so that only the free, 
water-soluble materials were available, it seemed desirable to determine the 
concentration of these materials that would prove optimal for growth. Nu- 
trient solutions containing 10, 30, 60, 100, 200, 300, 500, and 1000 mg. of 
yeast per liter were therefore tested. The results are shown in figure 3. 
They indicate that the standard concentration of 100 mg. of yeast per liter, 
employed in the past, was close to the optimum, being exceeded by only a 
single concentration, 50 mg. per liter. This concentration has, therefore, 
been retained for all subsequent work. 

Since yeast does evidently furnish some material or materials essential 
for growth of tomato root tips, and the optimal concentration of the raw 
extract was known, an attempt was made to isolate this material or materials 
by various types of fractionation. 

Solubility in water 

To determine whether or not the growth-promoting material was com- 
pletely extracted by boiling water, 50 gm. of yeast were boiled for i hour in 



Flo. 4. Curvea showing effects of fractions of yeast separated by filtration. 
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1 liter of water, filtered, the residue re-extracted in like manner twice 
more, the extracts mixed, and equivalent aliquots of extract, of residue, and 
of whole yeast resuspended in nutrient and tested. The results are shqwn in 
figure 4, and indicate that water extraction does remove all of the effective 
material. Like results were obtained when centrifugation was substituted 
for filtration. Aliquots dried in vacuo and weighed showed that the water- 
soluble material made up 36 per cent, of the total dry weight of the yeast. 
The residual 64 per cent, was inert as regards growth-promoting properties. 

DlFFUSmiLITY 

A water extract of yeast was subjected to dialysis through a cellophane 
membrane. A stirring device was used to insure thorough mixing. The 
extract was placed within a tubular membrane which was immersed in a 
quantity of water approximately equal to that within the membrane. The 
external water was renewed every hour for 6 consecutive periods, the 6 ex- 
tracts being finally mixed. Assuming complete equilibrium between external 
and internal solution at the end of each period, the amount of dialyzable 
material left within the membrane at the end of this treatment should be 
about 1.5 per cent, of that originally present, 98.5 per cent, having passed 
into the diffusate. The growth-promoting properties of the two fractions 
are shown by the data presented in figures 5 and 6. Most of the effective 
material passed through the membrane. The small residual activity of the 
non-diffusible fraction w’as probably due to incomplete dialysis. The dif- 
fusible material represented 23 per cent, of the weight of whole yeast. At 
least 77 per cent, of the yeast was thus shown to be inert. 


PASSAGES 



Flo. 5. Curves showing effects of yeast fractions separated by dialysis. 
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Photograph hy J. A. Carlilb 

Fig. 6. Effects of fractions of yeast separated by dialysis. Reading from left to 
right: A, control with whole yeast eirtract. B, fraction passing through cellophane. 
C, fraction retained by cellophane. B, control without accessory materials. Photograph 
taken at the end of the 3rd passage, x 0.6. 

Solubility in 85 per cent, alcohol 

An aliquot of a water extract of yeast was reduced to dryness over a 
steam bath and then extracted 3 times with boiling 85 per cent, ethyl alcohol, 
refluxing for i hour with each extraction. The extracts were mixed, both 
fractions dried, the dry residues resuspended in water and tested. The 
results are shown in figure 7, and demonstrate that all of the growth-pro- 
moting material was soluble in 85 per cent, alcohol. This fraction represents 
18 per cent, of the total weight of dry yeast. 

Solubility in 100 per cent, alcohol 

An 85 per cent, alcohol extract of yeast was dried and then extracted 3 
times with portions of absolute ethyl alcohol freshly distilled over CaO to 
insure complete dryness. The fractions were dried, redissolved in water and 
tested, both separately and in combination. A small portion of the 100 per 
cent, alcohol-soluble material prepared in this way failed to redissolve. This 
insoluble material was dark brown, highly aromatic, and oily. It proved to 
be soluble in ether, slightly soluble in alcohol, and insoluble in water. It 
appears to be lipoidal in nature, and was presumably carried over in an 
emulsified form in th^' previous extraction. The fractions soluble in water 
but separated by extrdfetion with absolute alcohol were tested separately and 
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PASSAGES 



DAYS 


Fia. 7. Effect of yeast fractions separated on the basis of solubility in 85 per cent, 
alcohol. The differences between growth rates in different passages are the result of 
uncontrolled temperature and are to be ignored. The growth rate in the 1st passage was 
extraordinarily high^ the 2nd and 3rd passages being more nearly average. 
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PASSAGES 



Fig. 8. Effects of yeast fractions separated by extraction with 85 and 100 per cent. 
alcohoL 

in combination. As will be seen from figures 8 and 9, this treatment sepa- 
rates the yeast material into two portions, either of which will maintain 
growth continuously at a low level. Both are necessary for satisfactory 
growth. This is the first indication obtained that more than one accessory 
substance or group* of substances obtainable from yeast are required by 
tomato.rdfiots. The material soluble in 85 per cent, alcohol but insoluble in 
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Photograph hy J. A. Cablilb 

Fio. 9. Effects of yeast fractions separated on the basis of solubility in 85 
and 100 per cent, alcohol. Reading from left to right : A, control in whole yeast extract. 
B, control without accessory material. C, material precipitated by 85 per cent, alcohol. 
D, material soluble in 85 per cent, alcohol, insoluble in 100 per cent, alcohol. E, material 
soluble in 100 per cent, alcohol. F, fractions D and E mixed. Photographs taken at the 
end of 3 passages, x 0.5. 

100 per cent, alcohol represented 13 per cent, of the total weight of yeast, 
that soluble in 100 per cent, alcohol, 5 per cent. 

Solubility in ether 

An 85 per cent, alcohol extract of yeast was dried and then extracted 3 
times with ethyl ether. Figure 10 shows the results of testing the fractions 
separated in this manner. The eifective material was insoluble in ether and 
therefore not lipoidal. The ether-soluble fraction prepared in this way 
represented about 0.7 per cent, of the weight of dry yeast. 

Stability in trichloroacetic acid 

An 85 per cent, alcohol extract of yeast was dried, a 40 per cent, solution 
of trichloroacetic acid added, tlie mixture boiled until the odors of acetic 
acid and of chlorine were no longer detectable, and then cooled and adjusted 
to the original pH (about 5.5). No precipitate occurred during this treat- 
ment, and on testing, practically all of the activity was recoverable in the 
material so treated (fig. 11 ). The active material is, therefore, probably not 
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proteinaceous in nature, but such treatment does not eliminate the possibil- 
ity of its being proteose. 


TABLE I 
Summary of results 


Treatment 

Weight as percentage 

or WEIGHT ! 

or WHOLE YEAST 

Growth-promoting 
effect of 
material treated 


Insoluble 

Soluble 

Water 

64 

36 

+++ 

85 per cent, alcohol 

16 

(2)* 

18* 

++4* 

100 per cent, alcohol 

13 

5 

+ 

+ 

Ether 

1 4.6 

1 o 

+++• 

Trichloroacetic acid 

- 


++4- 

Nitrous oxide 

- 

i 

- 


* About 2 per cent, of this fraction was lost in the process of preparation due to 
Tolatilix^tipn and other unavoidable causes. This has been< placed in the 'insoluble” 
column so fts to accounf for all the weight. 
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Fra. 11. Effects of treatment of yeast extract with boiling trichloroacetic acid and 
with nitrous oxide. 


Stability in nitrous oxide 

An aliquot of yeast extract was shaken for I hour in an atmosphere of 
NOa at pH 3, the pH readjusted to 5.5, and the ^owth-promoting properties 
tested. As shown in figure 11, this treatment completely destroyed the ef- 
fectiveness of the extract. This suggested the probable importance of amino- 
groups. 

The results of this analysis are summarized in table I. 

Conclusions 

From the results of this preliminary fractionation it is clear that, since 
the yeast material which exerts an essential growth-promoting effect on iso- 
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lated tomato roots is insoluble in ether, it cannot be lipoidal in nature, nor 
can it be one of the generally recognized growth ‘‘hormones*’ such as 
“auxin” or “hetero-auxin.” It is equally clear that, being soluble in 85 
per cent, alcohol, stable in trichloroacetic acid, and stable to repeated boiling, 
it cannot be any protein unless possibly prolamine. On the other hand, its 
destruction by nitrous oxide suggests that the amino groupings may play an 
important role in bringing about its growth-promoting effects. The material 
soluble in absolute alcohol, which is essential for satisfactory growth, cannot 
contain amino-acids other than small amounts of prolines, but the other 
effective fraction, insoluble in 100 per cent, but soluble in 85 per cent, 
alcohol, must contain considerable amounts of amino acids. A tentative 
analysis has shown amino acids to represent 20 to 30 per cent, of this 
fraction. They constitute a possible source of the growth-promoting proper- 
ties of the absolute alcohol-insoluble fraction. Since this fraction makes up 
only 13 per cent, of the weight of whole yeast and is itself about 25 per cent, 
amino acids, effective amino acid materials cannot, in the yeast extract, ex- 
ceed a concentration of about 4 mg. per liter of nutrient. The fraction 
soluble in absolute alcohol is likewise effective at a concentration of 4~5 mg. 
per liter of nutrient. Further analysis will be discussed elsewhere. 

Summary 

Material obtainable from yeast has been shown to be essential for satis- 
factory growth in vitro of excised tomato roots. Optimal results were 
obtained with about 100 mg. of yeast per liter of nutrient. Treatment of 
yeast with various reagents showed all of the effective material to be soluble 
in HgO and 85 per cent, ethyl alcohol, stable in trichloroacetic acid, unstable 
in nitrous oxide, and insoluble in ethyl ether. At least 82 per cent, of the 
yeast material is inert, only 18 mg. of an 85 per cent, alcohol extract per 
liter of nutrient being needed for optimal results. Extraction of this ma- 
terial with 100 per cent, alcohol separates it into two fractions, both of 
which are essential for satisfactory growth. The material insoluble in 100 
per cent, alcohol contains considerable quantities of amino acids, and it is 
suggested that these may play an important role as growth-promoting sub- 
stances for isolated tomato roots. 

Dbpaetment op Animai, akd Plant Pathology 

The Rockepellea Institute por Medical Reseaech 
Princeton, New Jersey 
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AMINO ACIDS IN THE NUTRITION OF EXCISED TOMATO ROOTS 

Philip E. White 
(with five figures) 

Introduction 

A preliminary study of the growth-promoting materials obtainable from 
yeast and essential for the nutrition of excised tomato roots (10) has shown 
that all of these materials are soluble in 85 per cent, ethyl alcohol, insoluble 
in ether, and stable in boiling trichloroacetic acid. They can be further 
divided into two fractions by extracting with absolute alcohol. Both frac- 
tions are essential for satisfactory growth. The present paper deals with 
results of an analysis of that fraction which is soluble in 85 per cent, alcohol 
and insoluble in 100 per cent, alcohol and ether. The basic nutrients, cul- 
tural methods, and materials used have been the same as those previously 
described. 

As was stated in the earlier report, the material soluble in 85 per cent, 
alcohol contains, in addition to many unknown substances, a very consider- 
able amount of free amino acid. Osborne and Wakeman (7) give the total 
N content of a similarly prepared fraction, soluble in 80 per cent, alcohol, as 
6.5 per cent, of the total yeast N or 12 per cent, of the weight of the frac- 
tion. They do not report the amino nitrogen content. About 3.5 per cent, 
of the total weight of this fraction, or 29 per cent, of its total N, has been 
found by the present writer to be amino nitrogen (van Slyke method). 
Between 20 per cent, and 25 per cent, of the fraction is, therefore, amino 
acid. As was suggested in the earlier paper, this high amino acid content 
obviously suggests that this constituent may play an important part in 
bringing about the growth-promoting activity of the fraction. As a check 
on this possibility an aqueous extract of yeast was shaken for one-half hour 
in an atmosphere of NO^ at pH 3.0, adjusted to pH 5.6, and its growth-pro- 
moting properties tested. The effectiveness was found to be completely de- 
stroyed. One of the primary effects of this treatment is deaminization, 
although such treatment is too drastic to furnish an unequivocal diagnosis. 
This observation supports the presumption that the amino acids might be 
important factors in producing the effectiveness of the fraction. It seemed 
desirable, therefore, to determine in some detail the effects of commonly 
occurring amino acids on growth of these roots. 

Experimentation 

Effects of known amino acids on growth 

In a preliminary survey, 19 nutrients were made up, each one containing 
ing the usual salts and carbohydrate but with a single amino acid taking the 
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place of accessory organic material. Amino acids were obtained from two 
sources, as follows : From Dr. C. S. Marvel, University of Illinois, 1-cystine, 
1-tyrosine, dl-valine, dl-isoleucine, dl-norleucine, dl-methionine, dl-phenyl- 
alanine, dl-lysine-2HCl. From Pfanstiehl Chemical Co., Waukegan, Illi- 
nois, glycine, d-arginine, 1-leucine, 1-tryptophane, 1-proline, 1-hydroxyproline, 
1-histidine-HCl, 1-aspartic acid, d-glutamic acid, dl-serine, dl-alanine. Hy- 
droxy-glutamic acid, citrulline, and Eose^s a-amino-3-hydroxy-n-butyric 
acid ( 1 ) were not available for study. 

A concentration of 5 mg. of amino acid per liter of nutrient (5 p.p.m.) 
was first tested. This was slightly less than the total weight of amino acids 
(8 mg.) shown by Meisenheimer to be present (2) in what has been deter- 
mined to be the optimal concentration of yeast (10). The results are shown 
in figure 1. At a concentration of 5 mg. per liter, 7 of the 19 amino acids 



Fig. 1. Relative effectiveness of single amino-acids when tested at a concentration of 
5 mg. per liter, in the absence of all other accessory materials. Those marked with an 
asterisk are considered by Rose (9) to be essential for growth of rats. 

studied proved to be depressant, and only 3 — glycine, lysine, and glutamic 
acid — ^were definitely stimulating. Under these conditions glycine gave 
results almost equal to the control. 

Optimal concentrations were then determined individually for each acid. 
For this purpose, each was tested tit concentrations of 50, 15, 5, 1.5, 0.5, 0.15, 
and 0 mg. per liter of nutrient. Isoleucine, norleucine, methionine, serine, 
and arginine, which gave regularly increasing growth rates with decreasing 
concentration throughout this range, with the optimal growth better than the 
controls, were tested at additional concentrations of 0.05 and 0.015 mg, per 
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TABLE I 

Growth indices or isolated tomato boot-tips at various concentrations op single 
AMINO acids. The growth bate in the absence op all 
accessory material is taken as 100 





Concentration — 

MG. PER LITER 



50 

15 

5 

1.5 

0.5 

0.15 

0.05 

0.015 

0 

Glutamic acid 

35 

13S 

97 

102 

97 

98 



100 

Aspartic acid 

15 

1S4 

109 

98 

106 

86 



100 

Glycine 

38 

84 

S06 

146 

97 

104 



100 

Lysine 

31 

157 

S16 

194 

200 

171 



100 

Phenyl-alanine 

52 

86 

118 

98 

100 

95 



100 

Proline 

30 

41 

56 

1$4 

93 

74 



100 

Cystine 

70 

70 

100 

1S8 

104 

100 



100 

Hydroxyproline 

7 

9 

18 

71 


99 



100 

Leucine 

20 

50 

no 

114 

Its 

103 



100 

Histidine 

16 

51 

62 

92 

100 

100 



100 

Valine 

5 

22 

44 

104 

108 

97 



100 

Methionine 

34 

42 

48 

67 

100 

ISO 

100 


100 

Serine 

11 

33 

66 

82 

107 

111 

93 

98 

a 00 

Norleucine 

10 

15 

22 

32 

56 

1S8 

124 

103 

100 

Arginine 

11 

26 

74 

no 

no 

lii7 

100 


100 

Tyrosine 

19 

42 

76 

99 

84 

KKS 



100 

Isoleucine 

21 

31 

51 

81 

124 

138 

174 

99 

100 

Tryptophane 

13 

20 

36 

78 

85 

86 



100 

Alanine 

6 

10 

14 

24 

90 

76 



100 


liter. This series included about 3000 individual cultures so that it was neces- 
sary to run them in 10 consecutive sets, each with a separate set of controls. 
In order to facilitate comparison of the sets within this series with one an- 
other, the results have been expressed as percentages of the controls. The 
results are shown in table I, All amino acids studied proved to be depressant 
at 50 mg. per liter (50 p.p.m.). Alanine, valine, hydroxy proline, and nor- 
leucine were quite definitely so. Tryptophane and alanine were depressant 
at all concentrations studied. Tyrosine was apparently not beneficial at any 
concentration tested. Valine, histidine, serine, phenyl-alanine, methionine, 
cystine, leucine, norleucine, arginine, aspartic acid, glutamic acid, proline, 
and hydroxyproline showed slight stimulation at some point in the concen- 
tration range investigated. Glycine, lysint^ and isoleucine were markedly 
stimulating at favorable concentrations. The optimal concentrations varied 
from 15 p.p.m. in the case of glutamic and aspartic acids down to 0.05 p.p.m. 
in the case of isoleucine. A typical series of results is shown in figure 2 
(glycine). 

Prom these data an amino acid mixture having the provisional constitu- 
tion shown in the first column of table II was chosen for study. Meisen- 
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Pig, 2. Histogram showing total increments obtained in a week ^s time in nutrients 
containing various concentrations of glycine, without other accessory material. 

HEIMEE has studied in detail the nitrogenous constituents of hydrolyzed yeast 
(2, 3). Although his figures are much higher than would be the case for 
an alcohol extract, it is clear that such an extract could never contain more 
of any amino acid than he has indicated. His figures have, therefore, been 
recalculated to give comparable units and are presented for comparison. 

The last column of the table is of especial interest. In most cases the 
experimentally determined optimum concentration for nutrition of isolated 
tomato root-tips did not differ widely from the amounts actually found in a 
hydrolyzed yeast extract. But the optimal amounts found for glycine, 
cystine, glutamic acid, and aspartic acid were so much higher than can pos- 
sibly be present in yeast (Meisenheimer, see table II) that some explanation 
would seem necessary. It is to be noted that three of these — glycine, glu- 
tamic acid, and aspartic acid — are not among the nine amino acids recog- 
nized by Rose (8, 9) as essential for animals. It seemed possible that in a 
complete mixture these three might prove to be partially or wholly inter- 
changeable with some of the other amino acids. However, it is to be remem- 
bered that Mueller (6) found diphtheria bacilli to require one of these, 
glutamic acid, in unexjMUHedly large amounts. 

On the basis of the information contained in the dAta presented above, an 
amino aeid mixture %as prepared containing 15 mg. each of glutamic acid 
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TABLE II 

Concentrations of single amino acids optimal for growth of isolated 

TOMATO root-tips 


Amino acid 

Optimum 

concentration 

(a) 

Total concen- 
tration IN 
optimal yeast 

CONTENT (FROM 

Meisenheimer) 

(b) 

Ratio 

a/b 

Glycine 

mg, /liter 

5.000 

0.03 

166.7 

Cystine 

1.500 

0.04 

37.5 

Lysine ! 

6.000 

0.52 

9.6 

Glutamic acid 

15.000 

0.62 

24.1 

Isoleucine 

0.050 

0.23 

0.2 

Norleucine 

0.160 



Methionine 

0.150 

0.14* 

1.1 

Serine 

0.150 

1.14 

0.1 

Proline 

1.500 

0.16 

0.9 

Hydroxyproline 

0.500 

0.38 

1.3 

Phenyl-alanine 

5.000 

1.13 

4.4 

Leucine 

0.500 

0.70 

0.7 

Valine 

0.500 

0.84 

0.6 

Arginine 

0.150 

0.31 

0.5 

Aspartic acid 

15.000 

0.38 

39.3 

Histidine 

0.500 

0.24 

2.1 

Total 

50.650 

6.86 

7.4 


* Meiseniieimer (2, 3) does not mention methionine by name but speaks of ‘‘sulfur 
containing amino acids other than cystine as being present in this amount. It is 
assumed that the ‘ ‘ amino acid ^ ^ to which he refers was probably methionino. 


and aspartic acid, 5 mg. of glycine, lysine, and phenyl-alanine, 1.5 mg. of 
cystine and proline, 0.5 mg. of hydroxyproline, leucine, histidine, and valine, 
0.15 mg. of methionine, serine, norleucine, and arginine, and 0.05 mg. of 
isoleucine, totaling 50.65 mg. of amino acid in each liter of solution. Since 
this was about 7 times the total amount of amino acid contained in the opti- 
mal concentration of yeast (Meisenheimer, 2) and since concentrations, 
both relative and absolute, have repeatedly proved of great importance, the 
mixture was tested at 1, 0.3, 0.1, 0.03, and 0.01 times this concentration. The 
results are shown in figure 3. As was the case with single amino acids, a 
concentration of 50 mg. per liter was quite depressant, the optimum lying 
at about 15 mg. per liter, one-third the concentration originally chosen. 

As has already been suggested, the importance of many of the amino 
acids used above, especially in the presence of the other amino acids, was 
subject to considerable doubt, since it is known that in animal nutrition cer- 
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Fig. 3. Effects on growth of various concentrations of a mixture containing 16 
amino acids (see text). 

tain acids may substitute for one another (Rose, et al.). It thus seemed 
probable that some of these amino acids, which when taken singly proved to 
be beneficial, might nevertheless be unnecessary for optimal growth. To test 
this, a series of cultures was made, in each of which one amino acid was em- 
ployed at 10, 1, 0.1, and 0 times the concentration (one-third that shown in 
table II) found to be optimal in the last experiment, while all other amino 
acids were present at the optimal concentrations. This test involved 64 com- 
binations, 1280 cultures. In each set of cultures a solution containing all 
amino acids except the one under examination was used as control. The 
results, given as percentages of these controls are presented in table III. 

It will be seen from the table that of the 16 amino acids which have a 
stimulating effect at some concentration when taken alone, 7 fail to exert 
such an effect when in the presence of all the others. These 7 are glycine, 
aspartic acid, hydroxyproline, cystine, methionine, arginine, and norleueine. 
Reference to table II will show that of these, 3 — glycine, cystine and aspartic 
acid — ^were among those which, when taken singly, gave optimum results at 
concentrations greaj|er than those existing in the optimal concentration of 
yeast. It seems probable that the originally observed effects of these 3 (table 
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TABLE III 

Growth indices ot isolated tomato root-tips grown in a complete amino acid mix- 
ture (table II) in which the concentrations op single amino acids 
WERE varied. The growth rate in a mixture, complete except 
for the amino acid under examination, is taken as 100 


Amino acid 

Relative concentration op the amino acid whose concen- 
tration IS being varied. One-third op the value 
indicated in table II AS individually optimal 

IS TAKEN AS 1 (COLUMN 2) (SEE TEXT) 


10 

1.0 

0.1 

0 

Histidine 

136 

115 

108 

100 

Proline 

85 

120 

102 

100 

Serine 

88 

122 

104 

100 

Valine 

82 

124 

114 

100 

Phenyl-alanine 

48 

124 

124 

300 

Glutamic acid 

35 

144 

138 

100 

Lysine 

56 

162 

159 

100 

Leucine 

80 

96 

133 

100 

Isoleucine 

80 

99 

118 

100 

Arginine 

100 

104 

102 

100 

Methionine 

68 

98 

96 

100 

Cystine 

60 

89 

90 

100 

Aspartic acid .. . . 

14 

72 

97 

100 

Glycine 

53 

67 

89 i 

100 

Hydroxyproline 

63 

80 

92 

100 

Norleucine 

61 

82 

77 

100 


II) may have been due to traces of other essential amino acids present as 
impurities in the samples studied, or else that they may function only as 
building blocks for other essential acids present in the complete mixture. 
A fourth amino acid, methionine, discarded by this process, is known to be a 
common contaminant in commercial preparations of leucine (Mueller, 6) 
and was possibly supplied in the requisite amount in this material. Of the 
4 acids giving aberrant results (table II), only glutamic acid remains as 
apparently essential sui generis. Using diphtheria bacilli, Mueller like- 
wise found the optimal concentration of glutamic acid to be abnormally high. 

If the acids found to be essential for rats (Rose, 9), for diphtheria bacilli 
(Mueller, 6), and for tomato roots (this work) are tabulated, the very 
close correspondence between the three sets is evident. Only two amino 
acids — proline and serine — ^present in the list developed for tomato root-tips 
are not present in either Rose's or Mueller's lists. Four acids — cystine, 
methionine, glycine, and tryptophane — are to be found in one or both of 
these lists but not in the present one. Tryptophane alone, of those found 
essential by both Rose and Mueller, has under no circumstances appeared. 
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beneficial for tomato root-tips. In view of its close chemical relationship 
to heteroauxin, which is known to have a depressant effect on root growth, 
tryptophane may have a place which is unique. Further study will be 
required before its true position can be considered established. 

TABLE IV 

Amino acids essential fob or beneficial to organisms of three widely 

SEPARATED GROUPS 


Bats 

(Bose) 

Tomato roots 

(White) ' 

Diphtheria bacilli 
(Mueller) 

Histidine 

Histidine 

Histidine 

Phenyl-alanine 

Phenyl-alanine 

Phenyl-alanine 

Lysine 

Lysine 



Leucine 

Leucine 


Isoleucine 

Isoleucine 


Cystine 


Cystine 

Tryptophane 


Tryptophane 

Threonine* 

(Not tested) 

(Not tested) 


Valine 

Valine 


Glutamic acid 

Proline 

Serine 

Glutamic acid 

Glycine 

Methionine 


* = a-amino-p-hydroxy-n-butyric acid (4). 


A provisional amino acid mixture which appeared to be complete and 
possibly optimal then contained: 5 mg. of glutamic acid, 1.5 mg. each of 
phenyl-alanine, lysine, and histidine, 0.5 mg. of proline, 0.15 mg. of valine, 
0.05 mg. of serine, 0.015 mg. of leucine, and 0.0015 mg. of isoleucine per liter 
of nutrient. The total amino acid content of this mixture was 10.2165 mg. 
per liter. 

Since such an amino acid mixture was developed in the hope of replacing 
therewith the fraction of yeast soluble in 85 per cent, ethyl alcohol but in- 
soluble in 100 per cent, alcohol, a series of cultures was carried out using 
this mixture together with a 100 per cent, alcohol extract of yeast in amount 
equivalent to the standard amount of whole yeast regularly used as control. 
The results are shown in figures 4 and 5. Such a mixture of amino acids, 
when added to the yeast material soluble in absolute alcohol, is adequate 
for the maintenance of continuous growth for at least three passages, at a 
level equal to or nearly equal to that obtained with whole yeast. The entire 
effect 4f the yeast material soluble in 85 per cent, alcohol but insoluble in 
absolute alcohol, insofar as it can be observed in this way, is then to be attrib- 
uted taits amino acid content. 
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Fig. 4. Graph showing the effects during three passagesi of a mixture of 16 amino 
acids (see text) when taken alone and in the presence of a 100 per cent, alcohol extract 
of yeast. 

ABC D E 


/ 


(Photograph "by J. A. Cablilb) 

Fig. 5. Beading from left to right: A, control with yeast extract. B, control with- 
out accessory material. C, amino acid mixture alone. D, yeast material soluble in 100 
per cent, alcohol, insoluble in ether, E, same as D but with amino acid mixture (C) added. 
Photograph taken at the end of the third passage, x 1. 

There remains to be identified only the yeast material soluble in absolute 
alcohol, representing 0.0005 per cent, of the total nutrient. 

Summary and conclusions 

In an earlier paper it was shown that yeast extract contains certain mate- 
rials essential for growth of isolated tomato roots. These are all soluble 

1 Passage 1'' in this experiment is passage 196, counting from the time of isolation, 
the roots having been maintained through 195 passages under standard conditions before 
being used in this experiment. 
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in 85 per cent, ethyl alcohol, 'and insoluble in ether. Further extraction 
with 100 per cent, alcohol segregates two fractions, both of which are neces- 
sary for satisfactory growth. Data have been presented in this paper 
which show that the fraction which is soluble in 85 per cent, alcohol, but 
insoluble in 100 per cent, alcohol and ether, may be replaced by a mixture of 
9 amino acids without appreciably reducing the growth rate. The amino 
acid content of this fraction appears to be entirely responsible for its growth- 
promoting effect, at least so far as the requirements of isolated tomato root- 
tips are concerned. Such a mixture contains the following : glutamic acid, 
lysine, histidine, phenyl-alanine, leucine, isoleucine, valine, serine, and pro- 
line. All other amino acids appear to be unessential under the conditions 
of the experiment reported. The fraction soluble in 100 per cent, alcohol 
remains to be identified. 

Department op Animal and Plant Pathology 

The Bockepellee Institute poe Medical Research 
Princeton, New Jersey 
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VITAMIN IN THE NUTRITION OP EXCISED TOMATO ROOTS 

Philip B. Whitx 
(with five figuees) 

Introduction 

In previous studies of the growth-promoting materials obtainable from 
yeast and essential for the nutrition of excised tomato roots, these materials 
were shown to be soluble in 85 per cent, ethyl alcohol and insoluble in ether. 
Further extraction with absolute alcohol segregated two fractions both of 
which proved essential for optimal growth (6). The effectiveness of the 
insoluble residue left after absolute alcohol extraction of the 85 per cent, 
alcohol-soluble material was shown to be largely if not entirely attributable 
to the amino acids contained therein (6). The material soluble in absolute 
alcohol was not studied. 

Besides the properties mentioned above, this material was shown to be 
stable to prolonged boiling in trichloroacetic acid, resistant to repeated dry- 
ing, and resistant to moderately prolonged autoclaving such as was regularly 
employed in the preparation of nutrients ( 4 ). Further tests showed that 
its activity was completely destroyed by boiling for 2 hours in 1 N NaOH. 
Boiling for a similar period in 6 N HCl gave a product which supported 
apparently normal growth during the time necessary for a single passage 
(one week) but not for longer periods. The uTiter wishes to thank Dr. 
Hubert S. Loring for carrying out these last treatments and for valuable 
advice during the conduct of the work. 

The properties of this material as now known (solubility in 100 per cent, 
alcohol, destruction by alkali, and moderate stability in acid) are character- 
istic of vitamin Bj. It thus appeared possible that vitamin B^ might be an 
important constituent of the fraction in question. Nevertheless, certain 
unpublished evidence obtained early in the conduct of this investigation 
seemed to oppose this view. Before any attempt was made to analyze the 
yeast material, a number of substances reported to act as growth stimulators 
was studied. These included inositol, vitamin Bj, heteroauxin, (3-indoiyl- 
propionic acid, haemin, yeast nucleic acid, glutathione, and a number of 
different sugars. None of these substances gave any evidence of stimulating 
growth of isolated tomato roots when tested alone. The effort to approach 
the problem in this way was therefore abandoned. 

Nevertheless, out of the work already published there has grown the 
conviction that failure to demonstrate the effectiveness of any material when 
studied alone cannot be taken as conclusive evidence of its ineffectiveness 
in a complete nutrient. It seemed possible, therefore, that vitamin Bj, 
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Pig. 1, HistogrAms showing growth of isolatod tomato roots in nutrienfs containing 
standard salts, and sugar, with the addition in I of vitamin B at concentrations of 
to 10-®, of vitamin and accessory salts in II, and of these materials and amino acids 
in III. The open columns represent the first week^s results (average of 20 cultures in 
each nutrient), the hachured columns the second week, and the blocked-in columns the third 
week. The transverse dotted line in each case is placed at the level of the negative control 
(without accessory organic material) in the third passage. All experimental increments 
must be above the level of this line to indicate growth stimulation. Control 1 is with 
yea*t extract added to the basic nutrient, control 2 without accessory organic material of 
any sort. 

although shown to be ineifective when taken alone, in the presence of the 
amino acid mixture developed in recently reported work (6) might prove to 
be of importance. 

A study of the effects of vitamin in combination with these amino 
acids was, therefore, undertaken. While this work was under way the notes 
of Bonner (1) and of Robbins and Bartley (2) appeared, reporting evi- 
dence of the importance of vitamin B^ in the nutrition of isolated roots. 
The present work is, therefore, a supplement to the work of these authors. 

The basic nutrients, cultural methods, and materials used were the same 
as those previously described (6, 6). At the time these experiments were 
begun the roots were in the 196th passage. 

Experimentation 

Cultures were first carried out in the nutrient heretofore designated as 
basic, containing standard salts (including iron), accessory salts, and sugar 
(6), alone and with the fo^owing additions: amino acids only; vitamin B^ 
only; amino acids and vitamin Bj together; and yeast extract as control. 

* Thia notation has been employed in the figures to conserve space. A concentration 
of 10-« parts of vitamin B^ in 1 part of nutrient is equivalent to 1 mg. per liter or 1 ppm. 
or 1 Y pe? cc» 
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Fig. 2. Curves showing the growth rates of isolated tomato roots over three weeks ^ 
time in nutrients containing standard salts and sugar (solid circles) and with yeast 
extract added (open circles). The triangles represent growth in the same nutrient as 
that represented by the solid circles with the addition in I of vitamin at a eoncentra> 
tion of 1.0 mg. per liter, of vitamin and accessory salts in II, and of vitamin B^, 
accessory salts, and amino acids in III. 
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Vitamin was added at concentrations of 1.0, 0.1, 0.01, and 0.001 mg. per 
liter when tested alone, and at these and the additional concentration of 
0.0001 mg. per liter when tested in combination with the amino acids. 

'When vitamin alone was added to the basic nutrient, a marked in- 
crease in growth rate occurred over the controls without accessory material. 
The results were, however, far from uniform or optimal (figs. l-II, 2-II, 
and 4). In the first passage, growth at vitamin Bj concentration of 1 mg. 



Fig.’S. Boots grown in a basic nutrient plus yeast (upper left), without any accessory 
material (upper right), and with addtiion of vitamin (lower row) at concentrations, 
reading from left to right,’ of 1.0, 0.1, 0.01, and 0.001 mg. per liter. Boots in the lower 
row are little if at all superior to the negative control, x 0.7. 

per liter was equal to 69 per cent, of the control in yeast extract. The 
growth ratra decreased regularly (59 per cent., 56 per cent., 38 per cent.) 
with decreasing concentration of ’vitamin B,. In the second and third pas- 
sages, a vitaniin B^ concentration of 0.1 mg. per liter gave the best results 
(52 per cent, and 72 per cent.). The roots were slender; most of the orig- 
inal growing points died so that growth occurred only in branches, and the 
branching was sparse. The condition of the cultures was obviously poor 
(%. 4). A nutrient containing, in addition to the basic ingredients, only 
vitamin 3^, while capable of sustaining growth for a considerable period — 
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at least three passages — ^was clearly not satisfactory as a replacement for 
yeast extract. 

This result agrees with that reported by Bobbins and Bartley (2), The 
growth obtained was, however, much better than that observed two years 
ago, as mentioned above. In examining the records of the two sets of ex- 
periments for possible explanations of this discrepancy, two differences 
between the sets were noted. In the first place, the early tests were carried 
out with '‘crystalline vitamin B, Merck of natural origin, while the later 
ones were conducted with "Betabion Merck, a synthetic product. In the 
second place, the later tests were made in a nutrient which included "ac- 
cessory salts” (6, 6), while these were absent from the nutrient used (4) in 
the earlier tests. It seemed improbable that growth-promoting materials 
present in the synthetic vitamin Bj might be absent from the natural prod- 
uct. The presence or absence of the accessory salts, therefore, seemed the 
more likely cause of the discrepancy. 



Fig. 4. Boots grown in nutrients similar to those used in cultures shown in figure 3, 
but with accessory salts added. Although the roots in the lower row are superior to the 
negative control (upper right), they are markedly inferior to those grown in the presence 
of yeast extract (upper left). It is clear that the tips in each experimental case had 
failed to grow and only a few branches were formed, x 0.7. 
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To test this possibility, cultures were carried out in which vitamin Bj 
was added at concentrations of 1.0, 0.1, 0.01, and 0.001 mg. per liter to a 
nutrient containing only the standard salts and sugar. In the first passage, 
while residual supplies of possible accessory salts carried over in the explant 
were still potentially available, the best growth, at a vitamin concentra- 
tion of 1 mg. per liter, was equal only to 55 per cent, of the control (figs. 
l-I, 2-1, and 3). In the second passage, growth at this concentration was 
only 21 per cent, of the control. In the third passage, growth at a concen- 
tration of 0.1 mg. per liter was equal to 55 per cent, of the control, but since 
the negative control, lacking all accessory material, likewise grew unusually 
well — 42 per cent, of the control with yeast — this represents very little im- 
provement over the completely deficient nutrient (figs. 2-1, and 3). From 
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Fig. 5. Hoots grown in the following nutrients; upper row, reading from left to 
right, control with standard salhl, accessory salts, sugar, and yeast; the same but yeast 
omitted; the same but with an amino acid mixture substituted for the yeast; the same 
but with an absolute alcohol extract of yeast substituted for the usual yoast material; 
lower TOW, the same but with an amino acid mixture and vitamin Bi at conoentiatlone of 
lO-o to lO-io (from left to right) substituted for the yeast extract. The growing points 
of the experimental cultures have not died and the roots have branched quite profusely. 
While markedly superior to the roots grown without accessory organic material or with 
amino acids sdone, or without accessory salts (fig. 3), they are still inferior to the controls 
provided with yeast, x 0.7. 
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these results it is clear that the accessory salts were the limiting factor, the 
vitamin being unable to induce growth in their absence. The omission 
of accessory salts, therefore, was, as postulated above, responsible for failure 
to detect the eifect of vitamin in earlier experiments. These results are 
in agreement with those of Robbins, White, McClary, and Bartley (3). 

When vitamin Bj was similarly added to a nutrient containing the 
9-amino-acid mixture developed in earlier work ( 6 ) in addition to the basic 
nutrient, the results were somewhat better than in a similar nutrient lack- 
ing the amino acids, but still far from optimal (figs. l-III, 2-III, and 6). 
In all concentrations except 1 mg. per liter there was a regular diminution 
in growth rate from passage to passage, while at this concentration the 
growth rates in the three passages studied (71 per cent., 67 per cent., 75 per 
cent, of the control) were remarkably similar. The roots, while still slender 
and of reduced vitality (fig. 5), were much more profusely branched than 
when amino acids were omitted. Their color was better and the original 
growing points did not die. This nutrient, containing Standard salts, ac- 
cessory salts, sugar, vitamin B,, and amino acids, appeared to be capable of 
sustaining continuous growth of tomato roots at a level somewhat inferior 
to that obtained with yeast extract. 

Discussion 

The work presented here has demonstrated that vitamin B^ is of para- 
mount importance in the nutrition of isolated tomato roots. This material 
is known to be present in yeast and is soluble in 100 per cent, alcohol. It 
was, no doubt, at least partly responsible for the activity of the yeast frac- 
tion extracted by this solvent." While concentrations of vitamin Bj as low 
as 0.0001 mg. per liter gave a marked degree of stimulation, concentrations 
of 1.0 or 0.1 mg. per liter appeared to be somewhat superior. Since the yeast 
fraction soluble in 100 per cent, alcohol gave optimal results at a concentra- 
tion of about 5 mg. per liter (6) — only slightly greater than this amount — 
it would appear that this fraction might consist largely of vitamin Bi. Yet 
vitamin was not capable of completely replacing the fraction. Addition 
of amino acids (6) improved the result but still did not bring it up to the 
control. The roots cultivated in such a nutrient, while growing at a fairly 
uniform rate, were slender, crooked, and of reduced vitality. Some other 
material, soluble in 100 per cent, alcohol and effective at concentrations of 
less than 1 mg. per liter, while not essential for growth, must be responsible 
for the residual activity of this fraction. 

The nutrient developed in this work, while inferior to yeast extract, does 
appear to be complete, in the sense of supporting continvous growth of 
tomato roots. And its constitution, except for possible impurities in the 
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^‘C.P. grade chemicals used, is known and can be duplicated. One of the 
primary tasks in the study of growth requirements of isolated roots — ^the 
establishment of a completely known control nutrient containing all neces- 
sary growth factors — ^has then been provisionally completed. This nutrient, 
containing standard salts, accessory salts, sugar, vitamin at a concentra- 
tion of 1.0 to 0.1 mg. per liter, and a 9-amino-acid mixture at a total concen- 
tration of 10 mg. per liter, may be used as a standard in future work. 

While this nutrient appears to be ‘‘complete,’^ its obvious deficiency 
when compared to a yeast extract medium raises certain important questions 
which must be left for future work to answer. Is the deficiency qualitative 
or quantitative? If it is only quantitative, a careful examination of the 
present ingredients of the mixture at higher and lower concentrations than 
at present used should serve to determine the optimal quantities. It is 
probable that in this process one or more ingredient out of the 18 salts and 
9 amino acids at present included may prove to be unnecessary. If, how- 
ever, as is equally likely, the deficiency is qualitative as well as quantita- 
tive, it will be more difficult to correct. The synthetic nutrient may be 
supplying materials which are capable, partly but not completely, of replac- 
ing some yeast material. The substitution of selenium for sulphur or of 
pyrrol for iron would be similar cases. If such is the case, the optimal con- 
centrations of these ‘‘Ersatz-’’ materials would still give results inferior to 
those obtained with yeast extract. No amount of quantitative adjustment 
of the nutrient will correct the deficiency or even clearly indicate which in- 
gredient is deficient, and more complex methods will have to be devised for 
solving the problem. To determine which is actually the case, a quantitative 
study of all the present ingredients of the nutrient is, therefore, indicated 
as the next step in approaching these questions. 

Summary 

Experiments have shown that vitamin Bj, a probable constituent of the 
yeast fraction soluble in absolute alcohol, is an important and perhaps indis- 
pensable factor in the nutrition of excised tomato roots. The growth-pro- 
moting effect of vitamin B^ is detectable only in the presence of the “ac- 
cessory salts” which are also indispensable. While growth at a low level 
can be maintained apparently indefinitely in a nutrient containing only 
vitamin Bj, standard salts, accessory salts, and sugar, it is notably improved 
by the addition of a mixture of 9 amino acids. 
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DORMANCY AND GERMINATION OF FBAXINU8 SEEDS 

Geoeob P. Stbinbauer 
(with six figures) 

Introduction 

The genus Fraxinus contains several species of woody plants of economic 
importance. The majority of these are propagated from seed in nature and 
under cultivation. Very little specific information is available relative to 
the factors affecting seed germination in the different species. 

Special treatments of the seeds are often required to produce uniform 
stands of seedlings in the year following harvest of the seed. The most 
common recommendations for germinating Fraxinus seeds suggest stratifica- 
tion of the seeds at 5®-10° C. previous to planting (8, 11). In many in- 
stances, untreated seeds may remain dormant in the soil for one or more 
years after planting. Puciiner (10) reported one case in which seeds of 
European ash, Fraxinus excelsior L., remained in a dormant condition in the 
soil for six years before they germinated. 

Information on the causes of delayed germination of Fraxinus seeds is 
fragmentary and meager. The most thoroughly studied case is that of the 
seeds of European ash (4, 9) in which the embryo is small, though morpho- 
logically complete at the maturity of the seed, and requires a period of time 
for enlargement before the enveloping tissues and coats can be broken. 
Mechanical resistance of the enveloping tissues has been suggested as a pos- 
sible reason for further delay in germination. Studies on green ash seed 
have suggested a dormant condition of the embryo (7). 

The present study has been confined to the following aspects of the prob- 
lem : first, the relative importance of embryo and enveloping tissues in caus- 
ing delayed germination ; second, the factors affecting the growth of excised 
and encased embryos; third, the effectiveness of current stratification pro- 
cedures in aiding germination of the seeds of different species ; and fourth, 
the factors affecting the vitality of stored seeds. 

Seeds of the following four species were used as material for this study : 
white ash, Fraxinus americana L. ; black ash, Fraxinus nigra Marsh. ; red 
ash, Fraxinus pennsylvanica Marsh. ; and green ash, Fraxinus pennsylvanica 
var. lanceolata (Borkh.) Sarg. The above species are of commercial impor- 
tance, grow in somewhat different habitats, and produce seed in the vicinity 
of Orono, Maine. The data presented here should be considered as applying 
primarily to the species studied, although there is some evidence that these 
results may apply also to other species. 
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Observations 

Stbuoturb op the seed and fruit op Fraxihvb 
Since the course of the germination process depends largely upon the 
structure of the seed, a brief description of it is essential. In Fraxinus the 
unit commonly spoken of as the “seed” is in reality a winged fruit or 
samara. The true seed is exposed only after the ovary wall or pericarp has 
been removed. The fruits, seeds, and embryos of red and black ash are 
shown in figure 1. 




A B 

Fig. 1. The fruit, seed, and embryo of Fraxinus, A, Bed ash. B. Black ash. Prom 
left to right: fruit, seed, embryo. Approximately normal size. 

The extent and location of the more important parts of the samara are 
shown diagrammatically in figure 2, using the fruit of black ash as an ex- 
ample. Usually one seed is produced within each fruit although two and 
even three seeds are not uncommon. 



Pig. 2. Cross section of the fruit of black ash (diagrammatic). At the right a few 
cells are shown from the layers of the seed external to the embryo. Cell contents have 
been omitted. 

P — ^pericarp EN— endosperm 

SC — eeed coats M — mucilaginous layer 

SM — suberized membrane E— embryo 

The seed coats, SC, are made up of five to eight layers of cells. The inner- 
most cells of the seed coats are separated from the endosperm cells, EN, by a 
membrane, SM. The exact chemical composition of the latter has not been 
determined although staining properties, solubility, and other microchemi- 
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cal tests indicate the presence of some cutin and suberin. This membrane 
is one of the most resistant layers external to the embryo, and very likely 
plays an important part in preventing rapid expansion of the embryo. 

The reserve food materials of the endosperm consist largely of fats and 
reserve proteins. Starch and soluble carbohydrates appear in the endosperm 
and embryo in the later stages of the germination process. 

The embryo, E, is surrounded by a layer of cells, M, containing mucilagin- 
ous material, called the ‘‘schleimschicht’^ by Lakon (9) relative to the seeds 
of European ash. These cells have thinner walls and less reserve food mate- 
rial than those of the endosperm. Owing to the semi-gelatinous consistency 
of this layer, the embryos of Fraxinus seeds may be easily excised without 
injury. 

The degree of embryo development at maturity of the seed varies con- 
siderably among the different species. The embryos are fully differentiated 
into hypocotyl, cotyledons, and epicotyl, but the relative size of embryo and 
seed varies widely. In figure lA there is illustrated the type of seed in which 
the embryo extends the full length of the seed. The seeds of red, white, and 
green ash are of this type. Such seeds are quite easily germinated if tliey 
are first stratified for a period of one or two months at a temperature near 5° 
C. In figure IB there is illustrated the type of seed in which the embryo 
extends from one-half to two-thirds the length of the seed. Seeds of European 
ash are said to be similar to those of black ash in this respect (9). Such 
seeds do not germinate readily They do not respond favorably to ordinary 
stratification treatments and in nature often remain in a dormant condition 
in the soil for one or more years before they germinate (6, 9). 

Dormancy and growth op excised embryos op black ash 

Since the embryos of black ash are much smaller in proportion to the 
rest of the seed than those of the other species studied, it seemed desirable to 
make observations on them first. 

In order to determine whether or not embryos of recently harvested seeds 
are dormant, a number of embryos were excised from soaked seeds. They 
were placed on moist blotting paper in Petri dishes and kept at room tem- 
perature. At the end of two weeks there was no evidence of growth in such 
excised embryos. 

Various treatments were then used in an attempt to overcome this initial 
dormancy. These treatments included different rates of aeration, use of 
light, various substrata, and a series of different temperatures. The use of 
higher than room temperatures was effective in inducing growth. Thus at 
the end of four days some of the embryos in the 30®-C. chamber were begin- 
ning to show geotropic curvature of the hypocotyl. This was followed by 
elongation of the cotyledons and the formation of root hairs. When these 
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seedlings were planted in soil hi an illiuninated moist chamber, they soon 
formed chlorophyll. Owing to the limited supply of reserve food contained 
in the embryo, they remained in a dwarfed condition for some time but 
eventually developed into normal plants. 

The necessity for higher-than-room temperatures in breaking this initial 
dormancy is evident from table I, which shows the results obtained when 
lots of sixty embryos each were kept at temperatures of 5°, 20°, 25°, and 30° 
C. It is evident that dormancy is not equally deep seated in all embryos held 
at a given temperature. The results explain, in part, why stratification at 
low temperatures, which is so suceessful with some species of Fraxinus, is 
ineifective for seeds of black ash. 

TABLE I 

Bitectivenbss or vAmotrs tkmmibatuees is bmiakino the doemancy or excised embetos 
. or BLACK ASH, PbAUNVS KIBBA 

NOMBEE or EHBEYOS SHOWING SEOTROPIC CUSVATUEE 

Duration (gO eubeyos basis or results at each tempeeatuee) 


UJf' TKIST 

5«C. 

20‘>a 

25 ° a 

30° 0. 

days 

1 

0 

0 

0 

0 

2 

0 

0 

0 

0 

3 

0 

0 

0 

0 

4 

0 

0 

0 

6 

5 

0 

0 

0 

6 

6 

0 

0 

0 

8 

7 

0 

0 

0 

10 

8 

0 

0 1 

0 

16 

9 

0 

0 

0 

22 

10 

0 

0 

0 

24 

15 

0 

0 

8 

44 

20 

0 

0 

12 

49 

25 

0 i 

0 

38 

60 

30 

0 

4 

18 

60 


Growth of encased embryos of black ash seeds 

Although it is possible to produce plants from excised embryos of recently 
harvested seed, in nature the embryos undergo considerable enlargement 
before visible evidence of germination appears. Lakon (9), who reported a 
similar type of embryo development in the seeds of European ash, suggested 
the use of the term “ Vorkeimimg” to distinguish the growth changes of such 
embryos from the chemical and physical changes involvedain “after-ripen- 
ing” of seeds. The relative sizes of embryos at the beginning and end of 
this growth period are shown in figure 3. It is obvious that the small em- 
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bryos of recently harvested seeds are not comparable to the rudimentary 
embryos described by Crocker (1) in CorydaUs, Banuneidus, and other 
seeds. Since the time required for embryo enlargement may be weeks, or 
even months, it is important to know the optimum conditions for growth of 
the embryo. 



Fio. 3. Enlargement of the black aah embryo previous to germination. Left, embryo 
at time of shedding of the seed. Bight, embryo just previous to protrusion of the radicle 
in germination. About 2 x normal size. 

The length of time required for the embryos to attain their maximum 
size depends to a large degree upon the temperature of the germination 



Pig. 4. Graph showing the influence of temperature on growth of encased embryos of 
black ash. Lengths of embryos expressed in millimeters are averages of one hundred 
measurements at each temperature. 
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chamber. Seeda were placed between layers of moist linen toweling and 
stored at temperatures of 5®, 20®, 25®, and 30® C. Embryos were excised 
from these diiferent lots of seed at the end of four, ten, twenty-eight, and 
thirty-six weeks and measured for increases in length. The results obtained 
are shown graphically in figure 4. Measurements made on embryos held at 
25® C. were intermediate between those of the 20® and the 30® C. groups and 
have been omitted from the graph. 

The growth curve during this period of embryo development exhibits three 
rather distinct phases. The slow growth at first may be accounted for by 
the initial embryo dormancy mentioned above. This is followed by a period 
of rapid elongation of both cotyledons and hypocotyl. When the embryos 
have attained a length of 14-14.5 mm., the rate of growth rapidly decreases. 
Maximum size is attained at between two and three months at, 20® C., and 
considerably later at 25® and 30® C. Further storage of seeds containing 
enlarged embryos at temperatures of 20® C. or higher does not ordinarily 
result in germination. One lot of seed stored at 20° C. had fully enlarged 
embryos at the end of two months and yet failed to produce a single 
seedling during the following two years of storage at 20® C. 

That germination of seeds with fully enlarged embryos is not due to 
embryo dormancy is shown by the behavior of excised embryos. The 
latter will often show marked geotropic curvature within twelve hours after 
excision, which is soon followed by elongation of cotyledons and the forma- 
tion of root hairs. By making a longitudinal incision in the seed, being care- 
ful not to injure the embryo, one can often induce germination within a 
few days. This suggests that the delay in germination is due to restrictions 
placed upon the embryo by the enveloping layers: endosperm, suberized 
layer, and seed coats. The pericarp probably is not an important factor 
since it disintegrates readily at temperatures of 20® C. or higher. 

The retarding influence of the enveloping tissues on further growth of the 
embryo seems to be primarily in the nature of mechanical resistance. In 
this connection it is interesting to note that further growth of the cotyledons 
is not retarded as much at the higher temperatures as is the growth of the 
hypocotyl* In this respect the embryos are somewhat similar to the embryos 
of Crataegus (3) and Ambrosia (2). Abnormal germination is not uncom- 
mon in the seeds of black ash ajnd in other species of ash. The appearances of 
Fraxinus seeds ex^biting normal and abnormal germination are shown in 
figure 5. , ' 

It is intereatk#to note that 5® C. is not conducive to embryo enlargement 
although it is a very effective temperature in forcing germination after the 
embryos have become fully enlarged. Likewise it is interesting to note that 
whea^sas'^O'^ C. is a highly effective temperature for the growth of excised 
emhtyus it is less effective than 20® C. when the embryos are still within the 
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Fig. 5. Normal and at)normal germination of Fraxinus se^s. Left, abnormal 
germination of red ash seed. Riglit, normal germination of white ash seeds. Note that 
in abnormal germination the cotyledons protrude before the hypocotyl whereas in normal 
germination the reverse takes place. 

Germination op seeds containing fully enlarged embryos 

Since temperatures favorable to enlargement of the embryo fail to pro- 
mote normal germination, seeds with fully enlarged embryos were stored in a 
moist condition at temperatures of 5°, 20®, 30® C. and observed as to further 
changes in the embryos. Microchemical studies on seeds stored at these dif- 
ferent temperatures indicated that 5® C. was the most favorable temperature 
for the various processes of digestion. Seeds stored at this temperature were 
characterized by a more rapid accumulation of starch, soluble carbohydrates, 
and proteins in the embrj^o than was the case with embryos of seeds stored at 
higher temperatures. 

Excised embryos taken from these different lots of seeds also showed con- 
siderable variation in their capacity to resume growth. These differences are 
shown in figure 6. In this experiment embryos excised from seeds held at 
5® C. exhibited geotropic curvature within ten hours after excision. Em- 
bryos from seeds stored at 20® C. required 24 hours to reach the same stage 
of development, and those from the 30® C. lot of seed were still in their 
original condition at the end of four days. 

Although protrusion of the radicle occurs only rarely at 5® C., the 
digestion of reserves of the endosperm and the accumulation of these mate- 
rials in the embryo make possible rapid growth and germination when the 
seeds are transferred to higher temperatures. 

The following scheme summarizes the principal events leading up to the 
protrusion of the radicle through the seed and fruit coats. Optimum tem- 
peratures for the different stages of the germination process are indicated. 
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Seeds with small, morphologically complete embryos. 

Dormancy of excised embryos broken by temperatures of 25°-30® C. 


1 

I 


EMBEYO ENLARGEMENT 

Most effective temperature: 20® C, for 2~3 months. 

Moderate rate of growth of excised embryos at this temperature. 
Digestion slow. 

Very little accumulation of food in embryo. > 

Enlargement 
of embryo . 

Restrictions placed on further growth by enveloping tissues and mem^ 
branes. 

Mechanical resistance and possibly other factors involved. 

Excised embryos not dormant. Normal germination rare at this tempera- 
ture. Abnormal germination occasionally occurs. 

1 

[I 

CHANGES IN SEED PRODUC 
STRATH 

Most effective temperatures : 5°-10® 
Growth of excised embryos very slow 
Digestion continues. Depiction of 
sperm. Accumulation of starch 
in embryo. 

Excised embryos not dormant. Geru 
vigorous embryos. 

‘ED BY LOW TEMPERATURE 
'•ICATION 

D. for 2-3 months. 

at this temperature. 

Pat and other reserve foods of endo- 
, soluble carbohydrates, and proteins 

lination may occur in seeds with more 

1 


in 


GEBMINATION 

Most effective temperatures; Daily alternation of 20°-30® C. 

Growth of excised embryos rapid at this temperature. 

Supply of food ai^umulated in embryos in stage II combined with high 
temperatures n^tkes possible sufficient pressure (osmotic, imbibitional, 
etc.) to overcome mechanical resistance of layers external to embryos. 


Seedlings may be produced from excised embryos 
at either stage, most easily at late I or in II. 
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Fig. 6. Effect of storage temperatures on behavior of excised embryos of black ash 
seeds. Left, embryos from 5° C. chamber. Center, embryos from 20® C. chamber. Right, 
embryos from 30® C. chamber. 

Germination of seeds of red, green, and white ash 

Studies on seeds of red, green, and white ash indicated that embryos 
excised from freshly harvested seed are dormant. In the case of red and 
green ash the period of dormancy can usually be reduced to a few days if the 
temperature of the germination chamber is maintained near 30° C. Em- 
bryos excised from white ash seeds remained dormant over a longer period of 
time and required a lower temperature for resumption of grow^th than did 
the embryos of the other species that w’ere studied. 

The most favorable conditions for germination of the seeds of red, green, 
and white ash are quite different from those required by seeds of black ash. 
Placing the seeds in germinators at temperatures at or near room temperature 
was ineffective in producing uniform germination. Abnormal germination 
m previously described occasionally occurs. The seeds of these species re- 
quire ap])roximately the same temperatures for germination as do the seeds 
of black ash at the time when the embryos have become fully enlarged. Thus 
the most uniform results are obtained when the seeds are stored in a moist 
condition for two or three months at 5°-10° C. and then transferred to a 
chamber with a higher temperature such as 20° C. or 30° C. 

Suggested planting practices 

The most uniform stands of seedlings can be obtained in the nursery or 
plantation by taking into account the temperature requirements for germina- 
tion of the different species. In the case of red, white, and green ash very 
good results were obtained by fall planting immediately after the seeds had 
been harvested. This procedure allows the seeds to be subjected to moisture 
and low temperature during fall and early spring. 

Occasionally the same results may be obtained if seeds that have been 
stored over winter in a dry condition are planted out of doors very early in 
the spring, so as to take advantage of the low^ temperatures then prevalent. 
If planting of dry seeds is delayed too long, the warm weather may prevent 
germination during the same season. If fall or early spring planting is not 
practiced, stratification of the seeds for two or three months at 5°-10° C. 
previous to planting is the best procedure. 
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Successful propagation of black ash seedlings from seed must take into 
account the conditions required for enlargement of the embryo. Fall plant- 
ings of black ash seed in the Maine State Forestry Nursery at Orono, Maine, 
have so far been unsuccessful in producing seedlings the following season. 
Germination occurred in the second spring after the planting of the lieeds. 

The planting of dry seeds in the spring is almost certain to result in 
failure to obtain a crop of seedlings until the following season. Stratification 
procedures commonly recommended for red, green, and white ash seeds 
should be preceded by a period of two or more months^ storage of the seeds 
at a temperature near 20° C. This allows the embryos to become fully en- 
larged, after which the seeds may be treated in the same manner as those of 
red and green ash. 

Effect of storage conditions on vitality of ash seeds 

Since it is often desirable to defer planting of the seeds until the spring 
following the harvesting of the seeds, or occasionally to store them for more 
than one year, it is important to know the optimum storage conditions. The 
seeds of the majority of plants retain their vitality best when kept dry and 
at a low temperature. A few seeds, such as those of the maple (6), require 
a considerable amount of moisture along with a favorable temperature in 
order to remain viable. 

In order to determine the most favorable storage conditions, aliquot sam- 
ples of each of the different kinds of ash seed were stored in sealed containers. 
In one series the seeds were placed in sealed containers over dehydrating 
agents so selected as to yield various known relative humidities. In the 
second series the seeds were kept at their original moisture contents but at 
temperatures ranging from 5°-30° C. The results of these different treat- 
ments in terms of percentage of germination in the nursery beds are given 
in table II. Results for green and white ash seeds wTre similar to those for 
red and black ash seeds. 

It is evident from the table that the seeds of these species are much more 
sensitive to changes in moisture content than to changes in temperature. 
Desiccation of the seeds to within 1.5 per cent, of their oven-dry weight did 
not appear injurious. The critical relative humidity of the storage chamber 
appears to be between 50 and 75 per cent. If the moisture content of the 
seeds can be reduced to about 7.5 per cent, of their dry weight and the seeds 
stored in closed containers, or if the storage room can be kept at a relative 
humidity of 50 per cent, or less, the seeds may be expected to retain their 
vitality for at least one or two seasons after harvest. Studies on excised 
embryos indicated that the reduction in the percentage of germination result- 
ing from storage at high relative humidities was due to a deterioration of the 
embryo rather than to changes in the enveloping tissues and membranes. 
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TABLE II 

Vitality op FnAximm seeds in relation to stokaoe conditions 


Storage conditions* 

i 

Black Ash 

F RAX IN vs NIGRA 

Bed Ash Fraxjnvs 

PENNSYLVANWA 

MorSTURE 

CONTENT 

Germi- 
nation t 

Moisture 

CONTENT 

Germi- 
nation t 



% 

% 

% 

% 

Over concentrated sulphuricl 






acid 


1.72 

38 

1.68 

53 

25 per cent, relative humidity 

1 25° C. 

5.55 

46 

5.36 

48 

50 << tt tt (t 


7.33 

39 

6.49 

50 

75 << tt n (t 


11.39 

0 1 

9.85 

1 

5° C 


7.50 

40 

7.30 

54 

20° C 


< ( 

50 

1 1 

49 

25° C 


it 

43 

i i 

56 

30° C 


i { 

38 1 


51 


* Storage of seeds for one year in sealed containers previous to planting, 
t Figures based on quadruplicate samples of 100 seeds each. 


Summary 

1. A study of the optimum conditions for germination of the seeds of .red, 
green, white, and black ash indicates that the seeds of black ash do not 
germinate at temperatures favorable to germination of the other species. 

2. The differences in temperature requirements of the various species of 
ash depend in part upon the size of embryo at maturity of the seed. 

3. Embryos of black ash seeds undergo considerable enlargement before 
germination occurs. Temperatures near 20° C. are most effective in promot- 
ing growth during this period. 

4. Germination of the seeds of black ash does not occur at temperatures 
favorable to enlargement of the embryo. Further growth of the embryo is 
retarded by mechanical resistance of the enveloping tissues and coats. 

5. Stratification of black ash seeds at 5° C. enables the fully enlarged em- 
bryos to absorb and accumulate reserve materials from the endosperm. After 
a period of two or three months stratification, the embryos are able to over- 
come the resistance of the enveloping membranes when placed at higher 
temperatures. 

6. Embryos of red, green, and wdiite ash are fully enlarged at maturity of 
the seed. Stratification of the seeds at 5° C. brings about changes favorable 
to germination. 

7. Dwarf seedlings may be obtained from embryos excised from freshly 
harvested seeds of all of the species studied. 

8: Storage of seeds in sealed containers at different temperatures and 
relative humidities showed that vitality of the seeds is retained the longest 
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when the seeds are kept at a moisture content of less than 7.5 per cent, of the 
dry weight. Seeds with a moisture content of less than 7.5 per cent, retained 
their vitality equally well over a wide range of temperatures. 

9. Suggestions are given for effective planting procedures for the differ- 
ent species studied. 

UNivBasiTY OP Maine 
Orono, Maine 
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INFLUENCE OF HOST NUTRITION ON SYSTEMIC DEVELOPMENT 

OF TOBACCO MOSAIC 

Eenest L. Spencer 

In*two previous papers it was shown ( 3 , 4 ) that the mineral nutrition of 
tpbacco plants had a marked effect on their susceptibility to primary infec- 
tion with a yellow strain of tobacco-mosaic virus. In the present paper the 
influence of host nutrition on systemic infection of this same virus in infected 
tobacco plants will be discussed. 

Several workers have studied the movement of virus in plants, but little 
attention has been given to the influence which host nutrition may have on 
systemic spread of virus. Boning ( 1 ), in 1928, published the results of an 
experiment dealing with the effect of nitrogen nutrition on mosaic-virus 
spread in tobacco. The tip of the largest leaf on each plant was inoculated. 
With actively growing plants an average of 3 days was required for the virus 
to pass 13 cm. from the tip of the leaf to the stem. With slow-growing, 
nitrogen-deficient plants an average of at least 6 days was necessary for the 
virus to pass from a leaf 12 cm. long. Boning concluded that the rapidity 
of virus-spread from an inoculated leaf was greatly decreased by nitrogen 
deficiency. Volk (6) studied the effect of potassium, phosphorus, and nitro- 
gen on the spread of streak in tomato plants grojen in nutrient sand cultures, 
and inoculated just prior to fruiting. He concluded that the spread of 
streak disease w^as most rapid and the effect of the disease most severe in 
plants fertilized with an ample supply of potassium and phosphorus or in 
plants deficient in nitrogen. 


Experimentation 

Matekials and methods 

Turkish tobacco (Nicotiana tabacum L.) was used as the experimental 
host. Seeds were germinated in quartz sand and kept moist with a dilute 
nutrient solution. When the seedlings had reached a height of about 2 cm. 
and had developed 3 or 4 small leaves, plants were selected for uniformity of 
size and potted in 4-inch porous clay pots filled with washed, quartz sand. 
The pots were then placed in saucers on a greenhouse bench and were spaced 
so as to avoid undue crowding of foliage. During the course of the experi- 
ments the greenhouse temperature was held between 70° and 80° F. during 
the day and between 70° and 75° F. at night. The greenhouse was fumi- 
gated with nicotine at weekly intervals to prevent accidental inoculation by 
insect vectors. 

Nutrient treatments were usually started 3 days after the seedlings had 
been potted. Each seedling received 100 cc. of nutrient solution 3 times each 
. 825 
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TABLE I 

Composition or nutrient solutions 


Volume or 0.5 molar stock solutions required to produce 
Nutrient 1 liter or nutrient solution 

solutions 



KHaP04 

Ca(NOa), 

MgSO* 

(NH.)^0. 

NH^HsPO* 

KNO« 

KSO, 

Caa^ 

Nitrogen 

ee. 

oc. 

cc. 

CC. 

cc. 

cc. 

cc. 

cc. 

Minus . .. 

12.9 

. 

4.0 






7.8 

Medium 

12.9 

7.8 

4.0 

3.6 





High 


96.5 

4.0 

33.5 

12.9 

12.9 




Phosphorus 









Minus .... 


11.0 

4.0 

3.3 



48.4 


Medium 

12.9 

11.0 

4.0 

3.3 



42.0 


High 

96.S 

11.0 

4.0 

3.3 





Potassium 









Minus ... 


7.8 

4.0 



12.9 




Medium 

12^ 

11.0 

4.0 

3.6 





High 

12.9 

7.8 

4.0 

6.5 



121.4 



week. The composition of these solutions is given in table I. In each case 
the “ medium’ ' solution served as a check on the ‘‘minus” and “high” solu- 
tions and was of such a composition as to produce healthy, vigorous growth. 
The “high” solution contained the element in question at such a level that 
growth was retarded but not entirely inhibited. The “minus” and “high” 
solutions were used in order that a study could be made of the action exerted 
not only by a deficiency but also by an excess of the element in question. In 
addition to the salts listed in table 1, boron as and manganese as 

MnS 04 . 2 H 20 were added in concentrations equivalent to 0.5 p.p.m. of each 
element to all culture solutions. 

In each experiment the nutrient treatment was as follows : The seedings 
were divided into 7 groups. One group received the “medium” solution 
throughout the time of nutrient application. During the first week of nu- 
trient treatment, 1 of the 6 remaining groups received the ‘ ‘ high’ ’ solution 
and 5 received the “minus” solution. At the end of each week one group 
of seedlings was transferred from the “minus” to the “high” solution. 
Thus, at the time of inoculation, 4 weeks after the initial nutrient treatment, 
one group had received the “high” solution for 1 week, a second group for 
2 weeks, a third group for 3 weeks, and a fourth group for 4 weeks. This 
arrangement left 2 groups on the “minus” solution, but at the time of inocu- 
lation 1 of these 2 groups was transferred to the “high” solution. All 
groups received their respective nutrient solutions for 1 week following 
inoculation and then were watered whenever necessary with tap water until 
the experiment was terminated. At time of inoculation, the green weight 
and height of representative plants in each group were determined in order 
to obtain criteria of comparative growth. 
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The virus used was a yellow strain of tobacco-mosaic virus, formerly 
designated by Johnson (2) as tobacco virus 6. Representative plants in 
each treatment were inoculated by rubbing the tip portion of a leaf situated 
about half-way up the stem with undiluted juice from a diseased tobacco 
plant. All plants inoculated showed many yellow primary lesions on the 
inoculated leaves, but no attempt was made to count them. Following inocu- 
lation, the time required for the virus to reach and produce symptoms on 
leaves at the top of the plant was noted. When systemic infection appeared 
shortly after inoculation, the first symptom was a clearing of veins. When 
systemic infection appeared only after many days, the first symptoms were 
yellow lesions with indistinct, irregular margins. This stage was followed 
by clearing of veins. 

Influence of nitrogen nutrition on systemic infection 

The nitrogen series was started in September and extended into No- 
vember, 3936. In this series the nutrient solutions, the compositions of 
which are given in table I, all contained 20 mg. of phosphorus and 25 mg. of 
potassium per 100 cc. of solution. The medium-nitrogen solution contained 
16 mg. of nitrogen, and the high-nitrogen solution 200 mg. per 100 cc. of 
solution. Each of the 7 groups contained 48 plants. After 4 weeks of nu- 
trient treatment, 30 representative plants were selected in each group and 
inoculated as previously described. Table II gives the experimental data 
obtained in this test on the influence of nitrogen nutrition on growth and 
systemic infection of the virus. The green weights, based on an average 


TABLE II 

Effect of nitrogen on systemic spread of a yellow strain of 

TOBACCO-MOSAIC VIRUS 


Nitrogen added each 
week (mg./pot) 

Growth records 

AT TIME OF 
INOCULATION* 

Percentage 
OF plants 
showing 
systemic 
infection 

Number of 
days elapsed 
BEFORE ap- 
pearance OF 
systemic 
symptoms 

1st 

WEEK 

2nd 

WEEK 

3rd 

WEEK 

4th 

WEEK 

5th 

•WEEK 

Green 

weight 

Height 

mg . 

mg . 

mg . 

mg . 

mg . 

gm . 

cm . 

% 

days 

0 

0 

0 

0 

0 

1.4t 

It 

100 

6.43 1 ± 0.26 J 

0 

0 

0 

0 

600 

1.4 

1 

100 

5.03 ±0.03 

0 

0 

0 

600 

600 

4.9 

2 

100 

5.00 ± 0.00 

0 

0 

600 

600 

600 

7.0 

3 

1 100 

5.10 ±0.06 

0 

600 

600 

600 

600 

14.6 

8 

1 100 

5.77 ±0.09 

600 

600 

600 

600 

600 

1 15.9 

9 1 

1 100 

6.43 ±0.21 

48 

48 

48 

48 

48 

32.7 

28 

100 

21.27 ± 0.93 


* Plants inoculated at end of 4th week, 
t Average of 10 plants in each group. 
t Average of 30 plants in each group. 
i Standard error of the mean. 
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of 10 plants in each group and determined at time of inoculation, show that 
the plants which received the minus-nitrogen solution made very little 
growth. Plants which received 600 mg. of nitrogen each week for 3. or 4 
weeks made much better growth, although they were only about one-half the 
size of those which received 48 mg. of nitrogen each week. All inoculated 
plants, with the exception of those which received 48 mg. of nitrogen each 
week, showed symptoms of systemic infection within 10 days. There were 
only slight differences among the groups which received no nitrogen or an 
excess of nitrogen in the time required for the development of systemic symp- 
toms. When no nitrogen was added, an average of more than 6 days elapsed 
before the development of such symptoms. When the high-nitrogen solution 
was first added at time of inoculation, an average of 5 days elapsed before 
the appearance of symptoms of systemic infection. Even when 600 mg. of 
nitrogen were added each week for 4 weeks prior to inoculation, about 6 days 
elapsed before the appearance of symptoms. However, when 48 mg. of nitro- 
gen were added each week, an average of more than 21 days elapsed before 
symptoms of systemic infection developed. Prom these data it is apparent 
that the absence of nitrogen or the presence of relatively large quantities of 
nitrogen in the nutrient solution increased the rapidity of development of 
symptoms of systemic infection. 

Influence of phosphorus nutrition on systemic infection 

The phosphorus series was carried out during March and April, 1936. 
The compositions of the nutrient solutions used are given in table I. Each 
of these solutions contained 20 mg. of nitrogen and 190 mg. of potassium per 
100 cc. of solution. The medium-phosphorus solution contained 20 mg. of 
phosphorus, and the high-phosphorus solution 150 mg. per 100 cc. of solu- 
tion. Each of the 7 groups contained 48 plants. Thirty-six plants in each 
group were inoculated as previously described. The experimental data 
obtained in this study of the effect of phosphorus nutrition on growth and 
systemic infection are shown in table III. From the green-weight data, 
based on an average of 12 plants in each group, it is apparent that growth 
increased with the increasing period of time during which the high-phos- 
phorus solution was added, but in no case did plants which received 450 mg. 
of phosphorus each week make as good growth as those which received 60 
mg. each week. All inoculated plants showed symptoms of primary infec- 
tion at the site of inoculation, but several of them failed to show symptoms 
of systemic infection. The data in thp last column in table III give the 
average number of days which elapsed before the development of symptoms 
on the 28 plants which first showed systemic infection in each group. The 
phosphorus-deficient plants showed systemic infection in about 7 days. 
Plants that had received 450 mg. of phosphorus during the week prior to 
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TABLE III 

Effect of phosphorus on systemic spread of a yellow strain of 
TOBACCO-MOSAIC VIRUS 


Phosphorus added each 

WEEK (mo./pot) 

Growth records 

AT TIME OF 
INOCULATION* 

Percentage 
OF plants 
SHOWING 

systemic 

INFECTION 

Number of 

DAYS ELAPSED 
BEFORE AP- 
PEARANCE OP 
SYSTEMIC 
SYMPTOMS 

1st 

WEEK 

2nd 

WEEK 

3rd 

WEEK 

4th 

WEEK 

5th 

WEEK 

Green 

WEIGHT 

Height 

mg - 

1 mg. 

mg. 

mg. 

mg. 

gm. 

cm. 

% 

days 

0 

0 

0 

0 

0 

11. 6 1 

7t 

100 

7.18t ± 0.17J 

0 

1 0 

0 

0 

450 

11.6 

7 

100 

6.46 ±0.11 

0 

1 0 

0 

450 

450 

16.0 

7 

100 

7.75 ±0.17 

0 

1 0 

450 

450 

450 

20.1 

10 

97 

12.29 ±0.78 

0 

1 450 

450 

450 

450 

28.3 

15 

97 

16.79 ±0.62 

450 

450 

450 I 

450 

450 

33.2 

19 

78 

17.96 ± 0.82 

60 

60 

1 

60 

1 ' 

i 

60 

1 

38.6 

24 

81 

19.36 ±0.88 


* Plants inoculated at end of 4th week. 

t Average of 12 plants in each group. 

t Average time for development of symptoms on the 28 plants which first showed 
systemic infection in each group. 

J Standard error of the moan. 

inoculation showed systemic infection in about 8 days. Those that had re- 
ceived 450 mg, of phosphorus each week for 2 weeks prior to inoculation 
showed systemic infection in about 12 days. Those that had received this 
application of jihosphorus for 3 weeks prior to inoculation showed systemic 
infection in about 17 days. Of the 36 plants that had received 450 mg. of 
phosphorus each week for 4 weeks prior to inoculation, only 28 showed 
systemic infection within 30 days after inoculation. The symptoms de- 
veloped on these 28 plants within an average of about 18 days. With the 
addition of medium amounts of phosphorus (60 mg. each w^eek), an average 
of 19.4 days elapsed before the appearance of systemic infection. It is evi- 
dent, therefore, that the addition of medium or high amounts of phosphorus 
interfered in some way with systemic spread of the virus through the host 
or the subsequent development of systemic symptoms. 

TnP^LTTENCE of potassium NUTRITION ON SYSTEMIC INFECTION 

The potassium series was carried out during October, November, and De- 
cember of 1935, The compositions of the nutrient solutions used in this 
series are given in table I. Each of these solutions contained 20 mg. of 
nitrogen and 20 mg. of phosphorus per 100 cc. The medium-potassium 
solution contained 25 mg. of potassium, and the high-potassium solution 500 
mg. per 100 cc. of solution. Each of the 7 groups contained 36 plants. 
Twenty-five representative plants in each group were inoculated as previ- 
ously described. In table IV are recorded the experimental data derived 
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TABLE IV 

ErPECT OF POTASSIUM ON SYSTEMIC SPREAD OF A YELLOW STRAIN OF 
TOBACCO-MOSAIC VIRUS 


Potassium added each 

WEEK (mo./pot) 

Growth records 

AT TIME OF 
INOCULATION* 

Percentage 
OF plants 

SHOWING 

SYSTEMIC 

INFECTION 

Number of 
days elapsed 

BEFORE AP- 
PEARANCE OF 
SYSTEMIC 
SYMPTOMS 

1st 

WEEK 

2nd 

WEEK 

3rd 

WEEK 

4Tn 

WEEK 

5th 

WEEK 

Green 

WEIGHT 

Height 

mg. 

mg. 

mg. 

mg. 

mg. 

gm. 

cm. 

% 

days 

0 

0 

0 

0 

0 

19.4t 

20 1 

100 

9.36i ± 0.69j 

0 

0 

0 

0 

1500 

19.4 

20 

100 

8.48 ± 0.56 

0 

0 

0 

1500 

1500 

20.3 

20 

100 

14.80 ± 1.09 

0 

0 

1500 

1500 

1500 

19.4 

18 

100 

17.88 ±1.26 

0 

1500 

1500 

1500 

1600 

18.6 

18 

100 

.19.96 ± 1.20 

1500 

1500 

1500 

1500 

1500 

15.7 

14 

100 

18.08 ±0.89 

75 

75 

75 

75 

75 

29.1 

30 

100 

13.68 ±1.05 


* Plants inoculated at end of 4th week, 
f Average of 8 plants in each group. 
t Average of 25 plants in each group. 
i Standard error of the mean. 

from the potassium series. The retardation in growth resulting from the 
addition of the high-potassium solution for 3 or 4 weeks was slightly more 
than that brought about by the addition of the potassium-deficient solution. 
The potassium-deficient plants showed symptoms of potassium deficiency in 
their lowermost leaves, whereas the high-potassium plants showed no signs of 
injury except the retardation in growth. All of the inoculated plants 
showed symptoms of systemic infection within 30 days. In plants grown 
with the potassium-deficient solution, symptoms of systemic infection ap- 
peared within an average of 10 days. The addition of high potassium at 
time of inoculation further shortened the average time required for the 
appearance of systemic infection by about 1 day. When high potassium 
was added 1 week prior to inoculation, symptoms appeared within about 15 
days after inoculation. When the high-potassium solution was added for 
2 or more weeks before inoculation, symptoms appeared within 18 or 20 days. 
It is apparent that medium or high amounts of potassium retarded the 
development of symptoms of systemic infection. 

Discussion 

The experimental data indicate that the rapidity with which symptoms 
of systemic infection develop is not governed primarily by the distance the 
virus must travel to reach the growing tip. The high-nitrogen plants were 
much larger than the nitrogen-deficient plants, yet systemic infection ap- 
peared in both groups at about the same time. Furthermore, the plants 
which had received high potassium were about four-fifths the size of those 
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which had received no potassium, yet systemic infection appeared 9 days 
later in the high-potassium plants than it did in the potassium-deficient 
plants. 

In all tests, symptoms of systemic infection appeared earlier in plants 
deficient in nitrogen, phosphorus, or potassium than in plants supplied with 
the element in question. This difference in the time required for the ap- 
pearance of systemic infection was most noticeable in the phosphorus and 
potassium experiments. This variation in time reaction may be due to a 
pliysiological process which is probably similar in plants deficient in nitro- 
gen, phosphorus, or potassium. In plants deficient in any of these 3 ele- 
ments, the element in question is translocated from older mature leaves up 
to the growing tip. When mature leaves of deficient plants are inoculated, 
the virus may be translocated from these leaves by this re-utilization process 
faster than it might be translocated from leaves of a similar age on normal 
plants. The more rapid development of symptoms of systemic infection 
brought about by the addition, at time of inoculation, of the element previ- 
ously deficient does not invalidate this explanation. Several days may elapse 
before the plant resumes normal growth. Meanwhile, translocation from 
the mature leaves may still be taking place. 

There are several factors which must be considered in an attempt to 
explain the differences in the time required for the development of symptoms 
of systemic infection in plants receiving various nutrient solutions. Of 
these factors, the following are the most important: susceptibility of the 
inoculated leaf, incubation period of the virus, rate of virus multiplication, 
rate of movement from the inoculated leaf, rate of movement in the stem, 
and susceptibility of tissue in the tip. In regard to the first factor, it has 
previously been shown (3, 4 ) that plants receiving various nutrient solutions 
differ in their susceptibility to primary infection. Because of this variation 
in susceptibility, all plants were so heavily inoculated that many primary 
lesions developed on all plants. This heavy inoculation was believed 
sufficient to offset any effect which variations in susceptibility of the inocu- 
lated leaf might have on the subsequent development of systemic infection. 
The experimental evidence does not indicate what other factors might have 
been affected by host nutrition. The evidence does indicate, however, that 
nutrition has produced some change in the disease complex, inasmuch as the 
time required for the systemic development of the disease varied with the 
nutrient treatment. 

It is not yet known how host nutrition affects the systemic spread of the 
virus. Mineral nutrition may change the rate of protoplasmic streaming, 
the nature of protoplasmic connections between cells, or the rate of trans- 
location of food materials. Any changes such as these would probably alter 
the rate of virus spread within the plant. 
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Summary 

The influence of mineral nutrition on the systemic spread of a yellow 
strain of tobacco-mosaic virus in tobacco plants in sand cultures was studied 
by determining the time required for the virus to reach and produce symp- 
toms of secondary infection on tip leaves of inoculated plants. 

Symptoms of systemic infection appeared earlier in plants that had re- 
ceived nutrient solutions containing either a deficiency or an excess of nitro- 
gen than in plants that had received a medium amount of nitrogen. It 
seemed to be immaterial whether the treatment with excess nitrogen started 
1 week or 4 weeks prior to time of inoculation. 

Plants that had received no phosphorus showed symptoms of systemic 
infection earlier than plants that had received excess phosphorus for 1 week 
prior to time of inoculation, and these in turn showed symptoms earlier than 
plants that had received excess phosphorus for 2, 3, or 4 weeks prior to 
inoculation. The growth made by the plants was directly correlated with 
the duration of the excess-phosphorus treatment. 

The time of appearance of systemic symptoms was also directly correlated 
with the duration of the treatment with excess potassium. However, in 
contrast to the findings in the phosphorus study, the high-potassium treat- 
ment retarded growth more than the potassium-deficient treatment. 

It is concluded that the systemic development of the disease was acceler- 
ated by high-nitrogen nutrition and retarded by eitlier high -phosphorus or 
high-potassium nutrition. The rapidity with which symptoms of systemic 
infection developed showed no apparent correlation with the distance the 
virus had to travel to reach the growing tip. 

Department of Animal and Plant Pathology 

The Bockepellee Institute for Medical Research 
Princeton, New Jersey 
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ABSORPTION SPECTRA OP SINGLE CHLOROPLASTS IN LIVING 
CELLS IN THE REGION PROM 664 mu TO 704 mui 

V. M. Albers and H. V. Knorb 
(with ten figures) 

Introduction 

The absorption of light in living plant material, either in the form of 
living leaves or suspensions of algae, is a complicated optical process. The 
problems involved have been treated in detail by Mestre (3). It is well 
known that the position of the red absorption band of the living material is 
displaced toward the red end of the spectrum about 20 m^i from that of the 
red absorption band of pure chlorophyll a. Wlodek (5) has suggested that 
the displacement may be due to an optical property of the living leaf or that 
it may be due to unstable compounds formed by the pigments in the photo- 
synthetic process. 

An attempt has been made by Baas-Becking and Ross (2) to eliminate 
the complicated scattering processes, usually encountered, by photographing 
the absorption spectrum of a single Euglcna, using a microspectrograph. 
Since they show only a densitometer curve of the spectrogram, and since the 
resolving power of their experimental arrangement was very low, their 
results do not give a complete answer to the problem. Furthermore, the 
Euglcm cell does not represent a single chloroplast. 

This investigation was undertaken for the purpose of determining the 
absorption spectra of individual chloroplasts, in the region of the red ab- 
sorption band, with a high resolving power spectrograph, using calibrated 
plates so that the actual absorption curve in that region could be determined. 

Experimentation 

The optical system used for photographing the absorption spectra is 
shown diagraniatically in figure 1. It consists of a microscope, with pro- 

|i 20 cm 1| 




D, t $ 

Fig. 1. Optical synteni used for photographing absorption sijectra. 

1 A contribution of the C. F. Kettering Foundation for the study of chlorophyll and 
photosynthesis. 
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Fig. 2. Photomicrograph of chloroplasts in Zygnema, 

vision for critical illumination, and a Hilger Eg spectrograph for photo- 
graphing the spectra. The chloroplasts are mounted, either in water or 
water containing some agar, between a glass coverslip and a glass object 
slide. This preparation is mounted on the stage of the microscope so that 
the chloroplasts are in the plane, P. The source of light, S, is a six-volt, 
108-watt, ribbon filament lamp. The lens, L, forms a real image of the fila- 
ment at the diaphragm, Dj, which is imaged in the plane, P, by the microscope 



I*1G. 3. Absorption spectra of Protoooocvs chloroplasts from one source. 
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substage condenser, C. The diaphragm, is a normal substage condenser 
diaphragm. With this arrangement, serves as a field diaphragm, while 
serves as an aperture diaphragm. The objective used in a 4 mm. achromat 
of 0.85 N. A. The microscope is so focused that an image of the chloroplast 
is formed by the objective on the slit of the spectrograph, S^. No ocular is 
used on the microscope. The diagram (fig. 1) is drawn to scale in all re- 
spects except for the distance from the top of the microscope tube to the 
spectrograph slit. This distance was 50 cm., giving a magnification of 177 
diameters. Figure 2 is a photomicrograph of the chloroplasts in a Zygnema 
filament made with a magnification of 200 diameters. The maximum angular 
aperture of the cone of light from the preparation which can be collected by 
an objective of 0.85 N. A. is 116°. In this work the aperture diaphragm of 
the condenser w^as stopped down considerably below this value, but no means 
were available for determining the actual angle of the cone used. The field 
diaphragm, Do, is a fixed diaphragm and its diameter is such that a field of 



Fig, 4. Absorption spectra of Protococcns chlorophlasts from another source. 
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about four times the diameter of the chloroplast is illuminated. Under these 
conditions, very little light, not actually transmitted by the chloroplast, can 
be scattered into the spectrograph slit. 

In order to determine the percentage of absorption by the chloroplasts as 
a function of the wavelength, each plate was calibrated. This was done by 
moving the slide, on the stage, until the image of the chloroplast did not fall 
on the slit and making a series of exposures on the plate with oscillating 
neutral screens of known transmission in the light path. The percentage 
transmission of the chloroplasts at each wavelength was then determined by 
the method which has been previously described (1). It is not possible to 
make any correction for reflections occurring at the first surface of the 
chloroplast. 



Fig. 5. Absorption spectra of Protoooccus chloroplasts at a different season. 
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The sources of chloroplasts used were the algae : Protococcus, Spirogyra, 
and Zygnema. The spectra were studied only in the region of the red band, 
i.e., 664 m[x to 704 m\x. 


Results 

Figures 3 to 6 show the absorption spectra of Protococcus chloroplasts. 
Bach absorption curve was made from a different cell. The curves in figure 
3 were made from cells gathered from one source and those in figure 4 were 
made from cells gathered from another source. The two sets of cells were 
gatliered at the same time. The curves in figures 5 and 6 were made from 
cells which were gathered at the same time and place. They were gathered 
at a different time of year than those from which the curves in figures 3 



Fig. 6, Absorption spectra of Proiococctut chloroplasts, same time and place as in 
figure 5. 
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and 4 were made. Figures 7, 8, and 9 show absorption curves of the chloro- 
plasts of Spirogyra. All of the cells used were gathered from the same 
source and at the same time. Figure 10 shows absorption curves of the 
chloroplasts of Zygnema, In this case, the chloroplasts were all from cells 
on the same filament. In all cases, the algae were gathered immediately 
before the spectra were photographed to insure a minimum of danger of 
injury to the cells before they were used. 

The striking characteristic of these absorption curves is the presence in 
nearly all cases of several maxima of absorption, rather than a single maxi- 
mum at about 680 mp, as ordinarily reported. The relative intensities of 
these maxima vary from one cell to another, indicating that they are pro- 
duced by different substances. Table I gives the wavelength readings of the 
maxima from all of the curves. 

In the case of the Zygnema chloroplasts, the individual maxima are not as 
well resolved, although the shapes of the curves indicate that the same bands 
are present. 



Fio. 7. Absorption spectra of Spirogyra chloroplasts. 
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TABLE I 


Species of algae 


Wavelengths of bands in 




Protocoocus 

(1) 



698 687 

681 


673 


Protocooous 

(2) 



698 

682 


673 


Protoooecus 

(3) 



687 

683 


674 


Protoooccus 

(4) 




<—680—^ 

673 

669 

Pr 0 toooecu 8 

(5) 




682 


674' 


Protococcus 

(6) 





682 


674 

669 

Protococcus 

(7) 



i 


684 

679 



Protococous 

(8) 




683 

678 

673 


Protococcus 

(9) - 




683 

676 

671 


Protocoocus (10) 




684 

679 


668 

Spirogyra 

(1) 




1 

684 


673 ‘ 


Spirogyra 

(2) 





684 


673 

667 

Spi/rogyra 

(3) 




684 


676 

667 

Spirogyra 

(4) 





684 


673 

667 

Spirogyra 

(5) 





682 


672 


Spirogyra 

(6) 





683 


674 


Spirogyra 

(7) 




684 


675 

669 

Spirogyra 

(8) 





683 


674 


Zygnema 

(1) 




<-680-^ 



Zygnema 

(2) 




683 


676 


Zygnema 

(3) 




688— > 


675 


Zygnema 

(4) 




<-687-» 


675 



i 


Discussion 

The readings of the positions of maxima on these curves probably do not, 
in all eases, represent the positions of the maxima of the individual bands. 
The bands occur with so little wavelength separation, compared to their 
width, that one maximum on a curve may be the resultant of two adjacent 
bands, and the wavelength, read for the resultant, would then be influenced 
by the relative intensities of (he two bands. This is probably true both in 
the case of the maximum appearing at about 673 mpi and the one at about 
683 mu- 

In the spectrum of solutions of the two green plant pigments, chloro- 
phylls a and p, each has a single sharp maximum at 661 mp and 643 mp 
respectively. The band in living leaves occurring at 680 mp has always 
been attributed to the chlorophyll a in the leaf. The results of this investi- 
gation indicate that there are either other pigments present, giving absorp- 
tion comparable to that due to chlorophyll a, or that chlorophyll a enters into 
the photochemical reactions in photosynthesis in several steps, forming re- 
action-products having absorption bands at slightly different wavelengths. 
This last ammption seems more reasonable than the 'first, since one would 
expect tiiat other pigments, having absorption comparable to that of chloro- 
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phyll a, would have been isolated by chemists working with the leaf pig- 
ments. These results also indicate quite definitely that the wavelength dif- 
ference between the absorption band, as observed in pure chlorophyll a 
solutions and the living leaf, is not produced by the optical properties of 
the leaf tissue. 

Willstatter and Stoll ( 4 ) have pointed out that the increased light 
path in the albino leaf results in an increase in absorption by its tissues, 
giving a false notion of the actual amount of absorption by the pigments. 
By the same argument, it is evident that, in a given leaf, the increased path 
of the light of wavelengths where the absorption of the pigments is less, will 
result in a corresponding increase in the absorption in the tissues for these 
wavelengths, thus tending to smooth out the absorption curves. This might 
explain the fact that all observers working with the entire leaf have observed 
only a single broad absorption band at 680 mp instead of several maxima. 
This idea is still further supported by the fact that the Zygnema chloro- 
plasts, which were the largest chloroplasts studied, show the least resolution 
of the band maxima. 

Antioch College 

Yellow Springs, Ohio 
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ON THB DETERMINATION OP PLANT ENZYMES^ 
Z. I. Kbbtesz 


The fact that plant life depends a great deal on enzymes was recognized 
early, and enzymes are receiving the constant attention of workers in botanical 
sciences. Because one deals with enzyme action rather than with isolated 
enzymes, enzyme chemistry is chiefly a science of methods. The results ob- 
tained in any specific case may yield a basis for conflicting conclusions. The 
reason for this lies in the fact that most methods for the estimation of 
enzymes have been worked out by enzyme chemists rather than by those 
interested in enzyme chemistry as a tool for the botanical sciences. The 
methods to be used, and the facts observed will greatly depend on the point 
of view of the worker. In too many cases, results and conclusions obtained by 
the botanist by the use of strictly enzyme chemical methods fail to take into 
account the actual role and significance of the enzyme in the plant. The 
enzyme chemist is aware of the unstable character of the enzyme. The botan- 
ist has to go one step farther because he is dealing with the equally unstable 
and complex plants which produce and contain the enzyme. 

From the standpoint of the determination of plant enzymes, the conditions 
under which the substrates of enzyme action exist in the cell should be con- 
sidered first. The protoplasm is a constantly changing system in which the 
different materials exert great influence on each other. It has also been 
shown that many important chemical constituents of the cell such as proteins, 
polysaccharides, and lipids may form homogeneous or heterogeneous com- 
plexes or aggregates \^hieh have different properties, hence behave entirely 
differently toward enzymes. The size and complexity of such aggregates, 
furthermore, are undergoing almost steady changes in the protoplasm. 
Naturally the substrate may also react with other chemical constituents of 
the cell, producing reversible or irreversible compounds of different affinity 
to the enzyme. Thus the condition of the substrate of enzyme action in the 
cell may be entirely different from that in a test-tube, and also may show 
great qualitative and quantitative variation within a short i)eriod of time. , 

Similar to an enzyme, a substrate may also go through changes making it 
unavailable or ‘ ‘ inactive. ’ ’ The substrate may be separated from the enzyme 
by occlusion. Occlusion, however, should be regarded as a case of spatial 

1 Bead before the joint aession of the American Society of Plant Physiologists, Ameri- 
can Society for Horticultural Science, and the Physiological Section of the Botanical So- 
ciety of America with the A. A. A, S., held at Bochester, New York, June 17, 1936. Also an 
introduction to the recommendations on the determination of plant enzymes contemplated 
by the Committee on Chemical Methods of the American Society of Plant Physiologists. 

Approved by the Director of the New York State Agricultural Experiment Station for 
publication as Journal Paper no. 181, 
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separation* The substrate may Be separated from the enzyme by adsorption 
or by membranes within the cell. Because of its great importance, spatial 
separation will be discussed in detail later in this paper. 

But let us turn to the enzymes and consider the factors which may influ- 
ence their activity in the cell. We know little about the mechanism of enzyme 
formation. In many cases, especially in microorganisms, the cell is capable 
of producing new enzymes to suit changed living conditions ; and it is well 
known that the activity or quantity of the enzyme can be greatly influenced. 
The much debated existence of ^‘zymogenes'^ or proenzymes^’ is of his- 
torical interest only. It has been shown for practically every case tliat where 
the presence of a zymogene was contemplated, upon changing the conditions 
of determination and especially upon the addition of specific activators, the 
full activity of the enzyme could be attained. Thus the predecessor of the 
active enzyme is not a zymogene in the old sense of the word but the enzyme in 
an insoluble form (amylases), or lacking certain chemical changes (or activa- 
tors) to become active (papain). Indeed, sometimes enzymes are formed 
from inactive compounds by heat or by the action of other enzymes (5). 

A very interesting case of this sort is the germination of seeds. It is most 
probable that in the first stages of germination there are no new enzymes 
formed or set free from a ‘^zymogene.” The increased enzyme activity 
seems to be caused by the liberation of strongly adsorbed enzymes. The 
proteolytic activity in the seed commences as soon as the water is taken up. 
The liberation of the amylases, on the other hand, is apparently the result of 
the action of proteolytic enzymes. Ciirzaszcz and Janicki (2) established 
the fact that when dormant wheat, barley, rye, and other cereal seeds are 
treated with proteolytic enzymes, there is a great increase in the amount of 
amylase which passes into solution. The amylase was present in the dormant 
cell with all three functions (liquefication, dextrinization, saccharification) 
but is inactivated by being adsorbed on a sisto-material (3). Later during 
the germination, however, there is a demonstrable formation of new enzymes. 
This observation shows how critical and careful one must be with the results 
of enzyme determinations, and in accepting information available in the 
literature. 

Thus enzymes may be present in plants without exerting any activity. 
Starch is present in plants containing active amylases but is not hydrolyzed 
while the cell structure is intact. The presence of inactive enzymes in the 
cell, apparently very near to the substrates of their action, is another example 
of the marvelous coordination within the cell. 

The ina^ptivity of the enzyme in the cell may be caused by the absence 
of activators, spatial separation, formation of inactive compounds, and per- 
haps by a number of other factors. Undoubtedly the case of spatial separa- 
tion most frequent factor and of most importance in controlling enzyme 
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action in vivo. There are two classes of conditions which may cause inactivity 
of the enzymes by spatial separation. One is occlusion, or a selective adsorp- 
tion of the enzyme or the substrate on other cell constituents. In this class 
also belong the cases in which both the enzyme and substrate are adsorbed by 
the same material, and the enzyme exerts no activity. The complexity of 
enzyme relations in the cell is well indicated by the observation that in certain 
cases, when the enzyme and its substrate are adsorbed, the velocity of the 
enzyme reaction is not altered at all, while in other cases it is completely 
nullified. Yeast saceharase loses none of its activity when adsorbed by a 
variety of solids (8, 9) ; on the other hand, amylase is inactive while adsorbed 
(by the ^^sisto-materiar^ in ripening and dormant cereals (3). Our 
knowledge of surface reactions must make further advances before we will be 
justified in doing much speculation on what the mechanism of such reac- 
tions is. 

The other and probably more common example of spatial separation is 
that in which the enzyme and substrate are separated by gel-like or other 
colloidal membranes. Such membranes have been described many times and 
appear to be common in the cell as one of the chief means of maintaining the 
organization therein. It has also been observed that protoplasmic granules 
are often surrounded by a lipoid or fatty film which protects them from the 
action of proteolytic enzymes. Often upon removal of the fat or lipoid the 
granules are readily digebted by the enzymes (1). In the presence of such 
colloidal membranes the velocity of the reaction will naturally depend on 
diffusion, the rate of which will be determined by the permeability of the 
membrane. Undoubtedly selective permeability plays an important role in 
such cases. 

Naturally a combination of both classes of conditions may also be the 
rea«on for the inactivity of the enzyme in the tissue. With our present 
knowledge it is often impossible to say whether the inactivity is caused by 
adsorption or by the separation of the enzyme and its substrates by mem- 
branes. 

To obtain enzyme solutions from plants, the natural structure of the cell 
must be destroyed. It was observed long ago that enzyme action in the cell 
is quite different from the action of the same enzyme after injury or destruc- 
tion of the cell structure. The action of enzymes in the protoplasm is regu- 
lated by different means; but this coordination characteristic of the living 
cell is disturbed by injury. It is well known that upon destruction of the 
cell structure by drying, freezing, or by exposing it to the effect of antiseptics 
the enzyme activity in the plant tissue increases as a result of the disorganiza- 
tion of the cell. This is mostly caused by the fact that, by the destruction of 
the cell structure, the enzyme gets into more intimate contact with its sub- 
strate. Thus by a destruction of the gel-like membranes in the protoplasm, 
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the rate of the reaction will no longer depend on the rate of diffusion. 
Similarly other cases of spatial separation are terminated by a destruction of 
the cell structure. 

There are other changes which may come about when the contents of a cell 
or cells are mixed. It has been shown that in such cases enzymes normally 
present in the cell, but not in contact, may exert considerable digesting effect 
upon each other. We have no evidence that all enzymes are proteins but it 
is safe to say that many of them are. These enzyme proteins may be digested 
by proteolytic enzymes, causing loss and even nullification of the enzyme 
activity. This often happens during autolysis of plant extracts. 

It was observed some twenty years ago that hydrogen sulphide activates 
papain. Later work revealed that compounds containing the - SH group, as 
certain thiol compounds and glutathion, have very beneficial influence on 
enzyme action. The apparent role of glutathion is the reversal of partly 
oxidized papain into the reduced form (4) . We do not have any information 
regarding the necessity of glutathion for the action of papain in the cell. 
On the other hand all papain preparations can be activated by glutathion, 
showing that upon mixing the cell contents, or during preparation, a certain 
reversible oxidation of the enzyme occurs. Strongly reducing thiol com- 
pounds, as glutathion, are not rare in nature. Occasionally when the cell 
structure is destroyed, these compounds find access to certain enzymes and 
activate them. Many cases of activation by chemical constituents of the cell 
are also known. It is most likely that, in many cases, natural constituents of 
the cell have marked influence on the activities of certain enzymes. This 
appears to be again one way by which the coordination of enzyme action in the 
protoplasm is governed. Our knowledge of enzyme activators is rapidly 
increasing (11) and much work is being conducted to explain this interesting 
phenomenon. 

One basic difference between plant chemistry and the study of plant 
enzymes is that for enzyme work the plant material cannot be preserved. 
The determinations of plant enzymes must be performed on fresh material 
because the extremely sensitive and labile enzymes are much influenced or 
even destroyed by drying, heat, alcohol, and other physical and chemical 
treatments. The only known method to preserve plant material for enzyme 
work is to freeze it at very low temperatures, and store it at those tempera- 
tures, under conditions preventing desiccation. This method is far from 
being entirely safe, but can be used in emergency and for short periods of 
time. 

The enzyme in plant materials is often determined in the press sap or in 
extracts. Because of the limited solubility of many enzymes, much care 
should be exercised in such cases to obtain reliable results. Willstatter, 
for instance, found eight individual amylases in leucocytes, but only four 
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of them were easily soluble in water; the others appeared to be bound to cell 
constituents (12). Another interesting case in this line is that of zymase. 
Although Lebedew and others long ago described the preparation of cell-free 
extracts from yeasts, which were able to produce alcoholic fermentation, many 
workers failed to obtain such active extracts. It was not until recently that 
Nilsson and Alm (10), in von Euler ^s laboratory, made a study of this 
problem and established the conditions by which the zymase, bound to other 
cell constituents, can be rendered water soluble. Thus by making an enzy- 
matic analysis of the extract from plants, one is hardly justified in drawing 
conclusions about the presence and activity of the enzymes in the cell. 
Attention is called again to the fact that, for a successful extraction of the 
enzymes, the structure of the cell has to be destroyed by drying, freezing, 
autolysis, or chemical means all of which may alter the activity of the enzyme 
for reasons outlined previously. In many cases, working with suspensions 
of the ground tissue is satisfactory if the enzyme is not easily soluble in water 
or glycerol. 

As far as the quantitative determination of the enzyme activity in the 
cell sap is concerned, in certain eases conclusions may be drawn from such 
results as regards the activity of the enzyme in vivo. The sap should be 
expressed at low temperatures, and with pressures not over 6000-8000 atmos- 
pheres because higher pressures cause partial or complete inactivation of the 
enzymes (7). The limit of safe pressure has been found to be astonishingly 
similar for different enzymes. 

After having an enzyme extract or a tissue suspension ready for the 
determination of its enzyme content, a number of questions arise. Should 
the determination be performed at the natural hydrogen ion concentration 
of the plant, or at that of the cell sap (if known), or should it be adjusted 
to the optimum of the enzyme action ? What concentrations should be used? 
What should be done about activation or removal of natural inhibitors? 
What about temperature, antiseptics, etc.? With the raising of all these 
questions we arrive at the main point in the present discussion. 

The botanist needs the help of the enzyme chemist. Every one of the 
above questions has to be answered. The answer in most cases cannot be 
generalized because the factors influencing different enzymes and the 
conditions insuring their maximum activity vary. It is the function of the 
enzyme chemist to establish these facts. Having this essential information 
available, the botanist should proceed to determine under optimal conditions 
the activity of the enzyme present. Then he should proceed to obtain infor- 
mation on the role and significance of the enzjTne in the plant. He ought to 
investigate the enzyme action under as nearly natural conditions as possible. 

The most satisfactory’' way of studying enzymes would be to observe their 
action in the undisturbed cell. While there is some hope that this may be 
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accomplished in the future, there are only a few attempts recorded in the 
literature reporting even moderate success. Ideal experimental conditions 
for the determination of plant enzymes would be reached by the addition of 
an infinitesimal quantity of the substrate to the cell, followed by an immediate 
determination of the enzyme action during an extremely short period of time. 
The difficulties in performing such a determination are obvious, and we are 
restricted at the present to an estimation of the quantity of the enzyme pres- 
ent in the tissue. The best approach to ideal conditions suggested thus far 
for this purpose is the enzymatic microtechnic originated by Lindebstr0m- 
Lano and coworkers (6). This method is suitable for the determination of 
enzymes in minute quantities of tissues or extracts and much valuable 
information has been obtained already on the distribution of enzymes in 
animal and plant tissues. But here again we obtain information on the 
possible maximum activity of the enzyme only, and one should exercise great 
care in drawing conclusions in regard to the actual normal activity of the 
enzyme in the cell. 

Unfortunate as it is, we do not have any dependable method for measuring 
enzyme activity in vivo. The analysis of plant material for different sub- 
strates and reaction products of enzyme action by micro-methods is of use 
sometimes, but the lability of the composition of the cell, and the many dif- 
ferent reactions proceeding may entirely mask the changes in the substrate 
or the appearance of reaction products of the investigated enzyme reaction. 

In the foregoing discussion an attempt has been made to show some of 
the vital points which have to be considered in connection with the deter- 
mination of plant enzymes. With the application of the methods of physical 
chemistry, our knowledge of the protoplasm is rapidly increasing ; but still 
more progress is needed before we can be certain of the condition of the 
enzymes in the cell. Our knowledge of enzymes, on the other hand, is ad- 
vancing rapidly, and we can be hopeful of important gains in the not too 
distant future. While we know enough of the factors which have to be 
considered in connection with enzyme studies on plants, yet we are not able 
to make studies on the plant cell in its natural condition. Realizing the 
need for such methods is the first step toward attaining them. 

Meanwhile it is of utmost importance that all work on plant enzymes be 
made by dependable methods, having clearly in mind all known factors which 
do or may influence enzyme action. But of even more importance is it that 
great care should be exercised in drawing conclusions from results obtained 
in vitro regarding the natural condition, activity, and role of enzymes within 
the plant cell. 

New York AaRicuLTUEAL Experiment Station 
Geneva, New York 
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INCREASE OF TRANSPIRATION RATES OP TOMATO LEAVES 
DUE TO COPPER SPRAYS^ 

Kbnnbth K. Kbausche and Basil E. Gilbert 

Several observers have reported that leaf transpiration is increased with 
many plants by the presence of copper sprays. It has also been quite defi- 
nitely proven, especially by Wilson and Runnels ( 4 ) with Coleus, that the 
greatest increase takes place at night. Little data, however, have been gath- 
ered to explain this phenomenon. This paper reports certain experiments 
carried out with tomato plants which both substantiate the findings of earlier 
workers as to the increase of transpiration rates due to copper sprays and 
give some evidence as to the mechanism by which it takes place. 

I. Effect of copper sprays on transpiration 

Tomato seedlings were transplanted to 5-inch flower pots which had been 
made impervious to moisture by treatment with paraffin. Each pot con- 
tained the same weight of soil of known moisture content. 

When the plants had reached a height of 7 to 10 inches, a disc of water- 
proofed paper, with a hole in the center for the stem of the plant, was paraf- 
fined over the top of the pot. Cotton was used around the base of the stem 
as a plug for the hole. The plug was removed when it was necessary to add 
more water to the soil. 

The transpiration rate of each plant during the day and night was deter- 
mined as follows : The soil moisture was made up to the desired percentage, 
and the plants were set on a bench in the greenhouse. Weighings were made 
at 6 : 30 a.m. and at 6 : 30 p.m. The loss in weight was the amount of water 
transpired during the previous 12-houp period. At each weighing, enough 
water was carefully added through a pipette to bring the weight back to 
the original. 

After the transpiration rates had been established, the plants were paired, 
each pair made up of two plants showing approximately equal water loss. 
One plant of each pair was called the test plant (T), and the other the con- 
trol plant (C). In some cases, three plants were grouped together — each of 
two test plants being checked against the same control. The ratios T : C for 
day and for night were calculated. Then the test plants were sprayed at the 
beginning of the day period with the desired spray, and the control plants 
were sprayed with water. The transpiration rates of all the plants were 
observed during that day and during the following night. The day ratios 
and the night ratios of T : C were again calculated. The ratios T : C after 

1 Published by permission of the Director of Research as Contribution no. 505 of the 
Rhode Island Agricultural Experiment Station, Kingston, Rhode Island. 
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spraying were then computed on the basis of making T : C for the corre- 
sponding period before spraying equal to unity. The change in ratio gave 
a measure of the effect of the spray on transpiration. This procedure is simi- 
lar to that instituted by Duggar and Cooley (2) and used since then by 
several other investigators. 

The Bordeaux formula usually recommended for early blight on tomatoes 
is 4-4-50, while the strength of Burgundy spray advocated is usually 1.5- 
1.5-50. It will be noted that the formulae used in this investigation are 
much stronger than these. They were purposely chosen, after preliminary 
tests, in order to insure a measurable amount of visual spray injury. The 
lime used in making the Bordeaux was slaked lime and contained 68 per cent, 
calcium oxide. Burgundy spray was prepared by mixing 1 pound of copper 
sulphate and 2 pounds of sodium carbonate in 50 gallons of. solution. 
Household washing soda was used as the sodium carbonate. 

Each spray was tested for excess available copper with a 10 per cent, 
potassium ferroeyanide solution. Twenty cc. of tlie spray solution were put 
in a beaker and a few drops of potassium ferroeyanide solution were added. 
A red-brown precipitate indicated the presence of available copper in the 
spray. A negative test indicated that all the copper was in a combined and 
insoluble form. The Bordeaux 8-8-50 gave a negative copper test. The 
Bordeaux 8-4-50 gave a decidedly positive test and the 8-12-50 a negative 
test. The Burgundy 8-8-50 contained a great excess of available copper. 

In the first series, three trials were made, each using sixteen plants. Pour 
different sprays were employed: Bordeaux 8-8-50, 8-4r-50, 8-12-50, and 
Burgundy 8-8-50. The soil moisture was kept at 15 per cent. The values 
of the ratio T:C of the sprayed plants (when T:C of the control plants 
equals 1.00) are tabulated in table I. 

TABLE I 

ErPECT OP CERTAIN COPPER SPRAYS ON TRANSPIRATION OP POTTED TOMATO PLANTS 
AS SHOWN BY THE RATIO OF THE TEST PLANTS TO CONTROL 
PLANTS AFTER SPRAYING THE FORMER 


Spray used j 

T : C APTER SPRAYING 

Day 

Night 

Bordeaux 8-8-60 - 

0.87 

1.62 

Bordeaux 8-12-50 - 

0.91 

1.64 

Bordeaux 8-4-50 

0.91 

1.72 

Burgundy 8-8-60 

1.18 

2.54 


Similar trials wereipade to determine the effect of the spray film applied 
to the tipper surfaces of the leaves only, and to the lowfer surfaces only. In 
applying the spray to a plant, the plant was held in one hand either facing 
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directly into or directly away from the spray stream as it issued from the 
nozzle. By careful manipulation, a good coverage could be obtained on 
either surface alone. The spray used was Bordeaux 8-8-50. The soil was 
kept at 15 per cent, soil moisture. In table II the results are summarized. 

TABLE II 

Effect of methods of application of Bordeaux S-8-50 on transpiration of 

POTTED tomato PLANTS AS SHOWN BY THE RATIO OP TEST PLANTS TO 
CONTROL PLANTS AFTER SPRAYING THE FORMER 


Leaves sprayed 

T : C AFTER SPRAYING 

Day 

Night 

On both surfaces 

0.87 

1.52 

On upper surface 

1.01 

1.30 

On lower surface 

0.92 

1.18 


Table 111 shows the results of spraying potted plants growing in satu- 
rated soil (30 per cent, soil moisture) compared with the sprayed plants 
growing in 15 per cent, soil moisture. The spray used was Bordeaux 8-8-50. 

TABLE III 

Effect of Bordeaux 8~S-50 on transpiration of potted tomato plants with 

DIFFERENT SOIL MOISTURES AS SHOWN BY THE RATIO OF TEST PLANTS 
to CONTROL PLANTS AFTER SPRAYING THE FORMER 


Soil moisture 

T : C AFTER SPRAYING 

Day 

Night 

% 

15 

0.87 

1.D2 

30 

0.66 

1.86 


In all these tables, the data are recorded separately for day and for night 
because of the increased significance which this method lends to the figures. 
It should be stated, however, that in all cases the total transpiration for the 
24-hour period was increased by spraying, from a few per cent, to 105 per 
cent. There was considerable variation among the plants receiving the same 
treatment but the trends were consistent in all cases. 

At the conclusion of these runs, some of the plants were allowed to remain 
on the bench without the addition of water. In every case, the sprayed 
plants wilted perceptibly before the control plants were affected. 

The results of experiments on transpiration agree with those of Wilson 
and Runnels ( 4 ) and those of other investigators in that they show that 
spraying with Bordeaux and Burgundy increases the transpiration of tomato 
plants and that the greatest effect is at night. 
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The greatest effect was brought about by those sprays which were very 
likely to cause injury. This is shown by data in table IV which resulted 


TABLE IV 

Amount or spray injury in the field associated with different copper sprays 


Group* 

Percentage of leaflets injured 

Burgundy 

8-8-50 

Bordeaux 

8-4-50 

Bordeaux 

8-8-50 

Bordeaux 

8-12-50 


% 

% 

% 

% 

I 

85.0 

14.0 

1.7 

3.5 

IV 

36.0 

0.8 

1.0 

0.0 

Ill 

28.5 

0.2 

0.0 

0.2 

VI 

4.5 

0.0 

0.0 

- 0.0 

V 

7.0 

0.8 

0.0 

0.0 

VII 

5.2 

0.2 

0.0 

0.0 

II 

7.5 

0.0 

0.0 

0.0 

IX 

2.5 j 

0.0 

0.0 

0.0 

VIII 

4.3 ! 

0.0 

0.0 

0.0 


* These groups illustrate varying climatic conditions. 


from a field study of the effect of environmental conditions upon spray in- 
jury. Burgundy 8-8-50 produced greater increases in both transpiration 
rates and spray injury than the other sprays used. It perhaps might be 
expected that severely injured foliage would lose water more rapidly than 
foliage only slightly injured. It is thus also possible to conceive of the 
increased transpiration rate as being associated with spray injury. 

II. Microscopical and microchemical investigations 

There being little doubt that copper sprays bring about increased trans- 
piration and spray injury under certain conditions, the mechanism of this 
phenomenon is of great interest. It seemed desirable to study stomatal 
behavior in order to determine any relationship which may exist with in- 
creased transpiration, especially since Wilson and Runnels ( 4 ) have sug- 
gested that ‘*the accelerating influence of a Bordeaux film on the transpira- 
tion rate of a plant is due chiefly to a change in the rate of cuticular trans- 
piration. ’ ^ 

Stomatal counts were made on the upper surface and on the lower surface 
of the leaves using the Leitz ultrapak in conjunction with a Spencer research 
microscope. The Leitz ultrapak is an attachment which focuses a beam of 
light, from an illumikator, on the upper surface of the object at the focal 
point of the microscope. Thus, the leaves could be observed in their natural 
state iisshile Still attached to the plant. 
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Potted tomato plants about 10 inches in height were used. Pots were 
set on their sides and leaves held in place on the stage by strips of paper. 
Both large and small leaves of several plants were used. A total of 100 fields 
were counted on the lower surface and an equal number on the upper sur- 
faces. Table V shows the results of the count. There were 61.6 times as 
many stomata per unit area on the lower surface as on the upper surface. 

TABLE V 

Stomatal counts made on the foliage op potted tomato plants 


Surface 

I 

Average per field 

Area of field 

Thousands per 

SQUARE INCH 



sq . in . 


Upper 

0.123 

0.0000873 

1.41 

Lower 

7.580 

0.0000873 

86.83 


Although the number of stomata per unit area on the lower surface was 
61.6 times as great as on the upper surface, no difference of such great mag- 
nitude existed between the change in transpiration when leaves were sprayed 
on the lower surface and when they were sprayed on the upper surface. In 
fact, where the stomata are more numerous, the spray film on the lower sur- 
face significantly depressed transpiration during the day. 

A series of observations was made with the same apparatus, in order to 
observe directly the effect of sprays on stomata. Some of the plants were 
sprayed with Bordeaux 8-8-50, while others were untreated. The spray was 
applied in the morning and observations were made at 3- to 6-hour intervals 
for more than 24 hours. During this period the soil moisture of both 
sprayed and check plants was kept at 15 per cent. 

Observations on the sprayed leaves were made either directly through a 
thin film of spray or by flaking off a particle of spray and immediately 
observing the uncovered stomata. 

In observing the stomata, it was found that their general appearance 
varied very little at any time. The average stoma appeared elongated, with 
a narrow slit-like stomatal pore about 15 p long which never opened very 
widely, if at all. Occasionally one was found which was shorter and much 
wider than the rest. If any visible opening existed between the guard cells, 
the stomata were called open ; if the pore was found to be definitely closed, 
it was recorded as closed. There were many stomata, however, which even 
after careful and patient study could neither be called definitely open or 
closed because of a blurred appearance in the stomatal pore or because of 
other reasons. These were recorded as doubtful. The percentage of the 
total number of stomata in the several conditions was computed for each 
observation. The summary of the study appears in table VI. 
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TABLE VI 

Condition of stoicata of speated and unspbayed potted tomato plants 

DIRECTLY OBSERVED WITH A IiEITZ HLTRAPAK 


Time 

TJnspraybd 

Sprayed 

Open 

Closed 

Doubtful 

„ , 

Open 

Closed 

Doubtful 

11: 30 A.M 

73.7 

12.4 

13.9 

69.5 

9.3 

21.2 

2 : 30 P.M 

80.9 

9.5 

9.6 

79.3 

6.5 

14.2 

5 : 30 P.M 

14.5 

85.5 

0.0 

16.5 

74.7 

8.8 

8: 30 P.M 

22.6 

71.7 

! 5.7 

23.0 

72.3 

4.7 

11: 30 P.M 

20.2 

69.0 

10.8 

18.7 

69.2 

12.1 

5: 30 A.M 

46.8 

42.6 

10.6 

44.0 

42.0 

14.0 

9; 30 A.M 

59.4 

26.5 

i 14.1 

57.9 

26.5 

15.6 

1: 00 P.M 

70.0 

27.0 

3.0 

64.5 

30.5 1 

- 5.0 


It is safe to say that the general appearance of the stomata of sprayed 
tomato leaves and those of the unsprayed tomato leaves were the same, ex- 
cept that some of the stomatal pores of the former appeared to be clogged 
or sealed by minute particles of dried spray. 

Spots of spray injury on the leaves were examined around the margin, 
where the injury had not entirely destroyed cellular structure, in a search 
for evidence of a relationship between stomatal behavior and spray burn. 
The bum appeared to involve the ordinary epidermal cells and stomata 
indiscriminately. 

It was indicated by the results of the preceding work that the effect of 
copper sprays on tomato plants is not primarily a phenomenon of the 
stomata. Attention was then focused on the epidermis of the foliage and 
microchemical tests were made in order to determine its chemical nature. 

Two series of tests were performed : one on the leaves of potted tomato 
plants 1 foot high and grown in the greenhouse ; and the other on the foliage 
of mature plants grown in the field. Freehand sections were made and 
tested with standard microchemical reagents. 

Cross sections of the tomato leaf were placed on a glass slide. A few 
drops of concentrated sulphuric acid were allowed to run onto a section while 
it was being observed. The action of the acid on the epidermis was noted. 

Other sections were saturated with iodine-potassium iodide reagent and 
any color changes noted. Then 75 per cent, sulphuric acid was allowed to 
flow over the section and further eolor changes were observed. 

A third test consisted of wetting fresh sections with a solution of chlor- 
iodide of zinc and observing the color reaction in the epidermis. 

The last test consisted c* placing the sections on a glass slide in contact 
with a solution of Sudan III. The epidermis was examined for evidence of 
the absorption of the dye. 
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The results of the two series were the same. The epidermis was immedi- 
ately soluble in concentrated sulphuric acid. With the iodine-potassium 
iodide reagent the epidermis was not colored, but upon the addition of 75 
per cent, sulphuric acid the epidermis became a deep blue. With chlor- 
iodide of zinc, the epidermis assumed a violet hue. Sudan III did not color 
the epidermis. From these tests it was concluded that the epidermis was 
composed of undifferentiated cellulose; that is, cellulose which had not 
become lignified, cutinized, or suberized. 

Since all the phases of the work on stomata led to the same conclusion, 
that they are not the mechanism through which copper sprays increase 
transpiration, then the action must take place directly through the epidermis. 
If the epidermis be composed of undifferentiated cellulose or of lignified 
cellulose it is permeable, while cutinized and suberized cell walls are not, as 
indicated by Stiles (3). Since it was ascertained that the epidermis of the 
tomato plants used in the experiments was composed of undifferentiated cel- 
lulose, they were permeable. The presence of a permeable epidermis allows 
a reasonable explanation of the passage of water outward from the leaf, 
without involving the stomata, by the process of exosmosis caused by the 
presence of the spray film on the surface. 

Conclusions 

It is probable that the soluble copper and calcium on a leaf surface, so 
readily permeable as a celluluose membrane is thought to be, will readily 
penetrate to bring about changes in permeability in the membranes of the 
guard and mesophyll cells so that water loss takes place at varying rates, 
That copper does change the permeability of cell membranes has been shown 
by Cook (1) with Nitella. 

From earlier work, substantiated by the experiments outlined in this 
paper, it seems evident that copper sprays increase transpiration particularly 
at night. 

Furthermore, evidence is given to show that with tomato leaves the major 
portion of the increased transpiration is not stomatal and that copper sprays 
do not seem to affect the behavior of stomata. 

Transpiration with the tomato must take place largely through the 
cuticle and this must be subject to great modifications in rate by copper 
sprays. 

Rhode Island Agricultural Experiment Station 
Kingston, Rhode Island 
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PEOOF OF THE FLUX EQUILIBEIUM EELATION^ 

Gokdon Massh 
(with three figures) 

Introduction 

A quantitative connection has been derived (3) between the measured 
E.M.F. of a living cell or tissue possessing electrical polarity and the velocity 
of cell oxidation, following Lund’s (1) oxidation-reduction theory of bio- 
electric currents. The equations provide a consistent description of the 
major facts of continuous bioelectric currents and respiratory exchange. 
The respiratory process was schematized as follows : 

k k k 

X AH^ + A O 2 H 2 O + A — ^ y CO 2 

kj 1 ko 

where X is the precursor of the reductant, AHj, oxygen is supplied by dif- 
fusion from the external medium, and the oxidant. A, is destroyed through 
further transformation, kj, etc., are reaction velocity constants, kj the dif- 
fusion constant for oxygen. At a constant rate of oxygen uptake, the 
oxygen pressure at a locus (phase boundary or structure behaving as an 
electrode) within the cell will have a constant or flux equilibrium value. Pc. 
The electrical polarity of a cell will be determined by at least two oppositely 
oriented loci and may be expressed as 


Ep = -ET/2P In Pc, /Pc, 


where the subscript 1 designates the locus of high positive potential as mea- 
sured externally. The negative sign is conventional only. It was assumed 
that the velocity constant k, is smaller at the locus of high positive potential 
and that this is the principal difference in the reactions at the two loci. For 
a tissue, the polarity potentials of the individual cells will sum algebraically, 
or E = ZEp. 

Pc may be expressed as a function of the oxygen pressure of the medium, 
P, and the velocity constants of the respiratory reactions, so that the rela- 
tion of E to P can be inferred. The equations predict that (1) E will be 
zero when P is zero; (2) as P increases E will increase to a maximum, de- 
creasing again to zero as P becomes indefinitely large; (3) the increase and 
decrease will be reversible. The position of the maximum on the P axis can 
only be determined empirically. 

1 Aided by a grant from the Rockefeller Foundation for work on cellular phyriolc^. 
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In the present paper experimental verification of the second and third 
predictions is presented for the E.M.F. of the onion root tip. The first pre- 
diction has already been essentially realized (6). 

Apparatus and method 

The pressure chamber was a cylinder of 2800-ce. capacity made of one- 
half inch steel pipe. A cover was held in place by twelve bolts through its 
circumference and through a flange welded to the top of the cylinder. A 
milled ring on the cover sealed against an asbestos gasket on the flange. A 
wooden frame held the chamber steady when the bolts were tightened. The 
cover was provided with an escape valve, a pressure gage reading to 1000 lb. 
per square inch and a safety valve set to release at 1000 lb. The cover could 
be tightened to retain 900 lb. for several hours, although as a matter of con- 
venience it was usually permitted to leak slowly. Above 900 lb. there was 
leakage through the safety valve. The source of pressure was a standard 
oxygen cylinder connected to the chamber by copper tubing. Water-pumped 
nitrogen (stated to be 99.8 per cent, pure) was obtained in a cylinder fitting 
an oxygen needle valve. 

The onion bulb was held in a spring clamp to the support of a rack and 
pinion stand and was wrapped in a sheet of rubber dam to provide insula- 
tion and to protect against injury. The root tip was immersed to about 1 
mm. in the fluid of the apical electrode cup. The latter was a 65-mm. 
glass funnel whose shape minimized any rise in fluid which might accom- 
pany the solution of large quantities of gas. The basal electrode cup made 
contact with some region of the root 10 to 20 mm. from the tip, by means of 
a glass side-tube ending in a loose-fitting claw. With proper adjustment of 
the initial height of fluid, a considerable volume change could occur in the 
cup without affecting the contact. A Petri dish of distilled water was placed 
in the chamber to provide a moist atmosphere. 

The electrodes were Ag : AgCl, sealed with DeKhotinsky cement into 
small glass tubes, and were frequently recoated with chloride. They gave 
erratic and drifting potentials in tap water, but were stable in one part 
Ringer ^s solution to nine parts tap water, which was used as the fluid in the 
electrode cups. 

The measuring instrument was a Compton quadrant electrometer with 
one quadrant groui^ed. The basal electrode lead was soldered to the in- 
terior of the chamber and the whole grounded from the outside. The apical 
electrode made eonneeti<m with the other quadrant through a copper wire 
baked into the core of a 14-mm. spark plug^ screwed into the chamber wall, 
so that the potential zneasured was that of the tip with respect to the base. 

* Two such plugs were provided through the courtesy of the Champion Spark Plug 
Company of ^eledo, Ohio, to whom grateful acknowledgment is made. 
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The pressure gage was scaled in 20-lb. steps and was read to the nearest 
5 lb. The E.M.F. was recorded at 30-second intervals during or immediately 
following any change in pressure, and at longer intervals as it approached a 
steady value. The pressure was usually elevated abruptly; decompression 
was carried out more slowly, to permit exchange of gases with a minimTiTn 
of disturbance to the root or to the electrode fluids. The roots were ex- 
amined for injury following each experiment by tests of turgidity, opacity, 
and subsequent growth. There was no evidence that pressures up to 1000 lb. 
had any injurious effect. 

Results 

The effect of oxygen, and the existence of a maximum in the E.M.P. 
curve, is shown in figure 1. E is the inherent E.M.P., P the oxygen pressure. 


MILLIVOLTS LBS/^N* 



I 3 S 7 9 II 13 15 

HOURS 


Fio. 1. Potential : time curve for the root at different pressures of oxygen. B, root 
potential, scale to left ; P, oxygen pressure, scale to right. Boot tip submerged to 1 mm., 
basal electrode cup 13 mm. from tip. 

plotted against time. In the initial portion of the curve, the root was ex- 
posed to air in the chamber. After the E.M.P. had reached a steady value of 
82 millivolts, oxygen was admitted to a pressure of 40 lb. The E.M.F. rose 
instantly to 110 mv., dropped to 62 mv., then gradually climbed to a new 
steady level of 92 mv. A similar cycle of changes in E.M.F. followed the 
changes in pressure from 40 to 230 lb. and from 230 to 500 lb. When the 
pressure was increased to about 800 lb., the final level of E.M.F. was 5 mv. 
less than that at the lower pressure. Increase of pressure to around 900 lb. 
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was followed by a further decrease. The pressure was then released in 
smaller steps. Each abrupt decompression was followed by a cycle of 
chang^e of E.M.F. roughly the reverse of that produced by an increase of 
pressure. As the pressure fell from 900 to 600 lb. the E.M.F. rose, to decline 
again as the pressure was still further reduced. At the end of the experi- 
ment, the B.M.F. was about 60 mv. The maximum with increasing pressure 
lay between 500 and 800 lb. ; with decreasing pressure it lay between 800 
and 600 lb. 

The response of another root to oxygen pressure is shown in figure 2. 



Fio. 2. As in figure 1. Basal electrode cup 26 mm. from tip. 

For one hour and five minutes (between the arrows) oxygen was passed 
through the chamber with the escape valve open. The valve was then closed 
and the pressure elevated. The E.M.F. increased with the first two pressure 
increments ; but when the pressure was raised from 75 to 200 lb. it dropped 
10 mv. and continued to fall as the pressure was increased to 400 and to 860 
lb. With release of pressure there was a small recovery with a maximum of 
about 600 lb., then a steady decline until the pressure had nearly reached 
zero. For two hours the root was left undisturbed in an atmosphere of oxy- 
gen, during which time the E.M.F. rose to a steady level some 10 mv. below 
that at the beginning of the experiment. The pressure was again increased, 
the mnTiiYinwi B.M.P. now appearing between 350 and 650 lb. Once more, 
as the pressure was released, the E.M.F. underwent a small but definite re- 
covery, passii^ through a maximum as the pressure fell below 700 lb. The 
last three pressures at which the maximum appeared are in rough agreement. 
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Ten roots showed the phenomenon of a maximum E.M.F. with increasing 
oxygen pressure. Two other roots gave increasing potentials up to 570 and 
520 lb. respectively, the highest pressures employed. Three roots gave 
erratic results, showipg no consistent effect of oxygen pressure. In general 
the position of the maximum is well marked with increasing pressure, less 
well so with decreasing pressure. In part this is apparently due to a slower 
adjustment of the E.M.F. to a steady level with decreasing pressure, as may 
be seen in the first decompression in figure 2. It was also generally true that 
the maximum E.M.F. reached on decompression was less than that reached 
with increasing pressure. 

The electrodes alone were repeatedly tested in the chamber with a salt 
bridge connecting the electrode cups. Their potential did not vary with 
oxygen (or nitrogen) pressure. 

In order to determine whether the above effects were due to oxygen, as 
such, or to changes in the physical environment associated with alteration 
of pressure, the potential of four roots were followed with nitrogen at dif- 
ferent pressures. Calculation shows that temperature effects from changing 
pressure-volume or vapor-pressure relations in the chamber are negligible. 
The pressure, however, might act as a mechanical stimulus; or temporary 
evaporation of water from, or deposition upon the root surface could con- 
ceivably be responsible for all or part of the changes in E.M.F. 


MILLIVOLTS LBS/IN* 



HOURS 

Fio. 3. Effect of nitrogen upon potential of two roots. Na, nitrogen pressure ; 0», 
oxygen pressure. In both curves, root-tip submerged to 1 mm., basal cup 10 mm. from tip. 
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Figure 3 shows two such experiments. At the start the chamber was 
filled with air. In the upper curve each elevation of nitrogen pressure pro- 
duced a sharp rise and fall of E.M.P., following which the initial value was 
approximately reached. No change in E.M.P. occurred on decompression 
until the last 100 lb. was released, when the potential fell to about half its 
steady value and recovered. The root remained in the chamber over night, 
as indicated by the break in the curve. Oxygen was then admitted to 110 
lb. pressure, producing a large increase in E.M.P. which was maintained 
above the level in nitrogen for some two hours beyond the end of the curve. 

The lower curve of figure 3 is essentially similar. The small increase in 
potential which occurred during exposure to nitrogen is probably to be 
attributed to the normal variation in potential (2) since the same rate of 
increase may be seen when the root was exposed to air. At the end of the 
experiment, oxygen was passed into the chamber to 100 lb. and the E.M.P. 
rose from 38 mv. to become steady around 52 mv. 

It is evident that pressure alone is not responsible for the changes in the 
steady level of E.M.P., and that the oxygen pressure relation is a real one. 
The transition curves from one steady level to another, following an abrupt 
change in pressure, appear with nitrogen, although their magnitude and 
character are different from the corresponding curves with oxygen. The 
difference is particularly striking when obtained upon the same root, as in 
figure 3. 

Discussion 

The experiments presented in this paper are concerned more with the 
demonstration of the existence of a maximum in the B.M.F.-pressure curve 
than with the precise determination of the pressure at which the maximum 
appeared. The most serious limitation to that precision lies in the extreme 
lengths of time involved in completing a single experiment. As may be 
seen in figures 1 and 2, one to two hours or more are required for the 
E.M.P. to attain a new steady level following a pressure change. The maxi- 
mum is apparently not a pressure point, but a pressure range. This is to be 
expected upon the principle of summation of potentials ( 2 , 4 ), for there is 
no reason to expect the maximum to be the same for all cells of the root. 

The position of the maximum varies from one root to another, and there 
is evidence of a relation between the pressure at which it appears, and the 
normal potential of the root in air. Further experiments upon this point 
are now in progress. 

The existence of the maximum is a specific prediction of the equations for 
the flux equilibrium for respiration and E.M.P., and is a consequence of no 
other mechanism for the production of potentials in living cells. It may, 
therefore, be regarded as a proof of the validity of the flux equilibrium 
concept. * 
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Summary 

1. As the oxygen pressure of the environment of the onion root tip is 
increased, its inherent E.M.P. increases, passes through a maximum, and 
then decreases, 

2. The effect is reversible ; Le,, the maximum is found with both increas- 
ing and decreasing oxygen pressure. 

3. Neither pressure, as such, nor altered vapor tension is responsible for 
the effect, since the B.M.F. is constant in different pressures of nitrogen. 

4. The existence of the maximum fulfills a specific prediction of the 
equations for the kinetics of an oxidation-reduction system for respiration 
and B.M.P. at flux equilibrium. 

State Univeesity or Iowa 
Iowa City, Iowa 
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VALUE OP THE DYE-ADSORPTION TEST FOR PREDETER^ 
MINING THE DEGREE OP HARDINESS 

Stuart Dunn 

Introduction 

The problem of the determination of eold hardiness of plants by methods 
other than that of the natural one of survival under field conditions has been 
the subject of numerous investigations during recent years. The chief pur- 
pose of most of this work was to evolve a laboratory test that could be used 
instead of more uncertain and longer field tests. 

The dye-adsorption test, in which hydrophilic colloid content is measured 
colorimetrically by the amount of a dye, such as malachite green adsorbed 
from aqueous solution, has been shown to offer some promise in the measure- 
ment of such material and has given a strong indication that colloidal con- 
stituents are in considerable degree responsible for hardiness (2). It was 
also found that there were great variations in hardiness of individual plants, 
such as cabbage, in a group chilled simultaneously and that dye adsorption 
values also varied, but that when a plant first was found to be hardy or non- 
hardy by a freezing test and then some of its tissue subjected to a dye- 
adsorption test, the amount of dye adsorbed was found to be correlated with 
hardiness. 

In view of these individual variations and because no hardiness test can 
be regarded as of practical value if it is not sensitive enough to determine 
hardiness in advance of cold treatment, it seemed desirable to determine the 
sensitivity of the dye-adsorption test in that respect. 

Experimentation 

In the experiments to be reported Bryophylliim and cabbage plants were 
used. Bryophyllum plants are easy to grow and they produce a large 
number of leaves; which factor is important in sampling. At the same time 
they allow a suflScient number of leaves to remain on the plant to demon- 
strate injury by freezing. Cabbage plants have much the same qualities and 
are also rather hardy. 

Experiments with Bryophyllvm 

For the first series of determinations a large number of large-sized, vigor- 
ous plants were chosen and divided into several groups varying in number 
from 10 to 16 plants. A composite sample of several leaves from each plant 
in a given group was taken and macerated and tested for dye adsorption by 
the usual colorimetric procedure (2). One-gram samples were treated with 
25 cc. of 0.02 per cent, malachite-green solution. As soon thereafter as pos; 
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sible all the plants in that group were subjected to a temperature of - 1.1® C. 
for 15 hours. Previous work had shown this to be the right testing tempera- 
ture. The degree of injury was noted by expressing the results as percent- 
age of the whole plant uninjured or surviving this temperature treatment 
and this theoretically relates to the amount of dye adsorbed by the tissue. 
Seven groups of plants comprising a total of 86 individuals were treated in 
this way and the results, as summarized in table I, show a wide variation in 

TABLE I 

Comparison of dye adsorption values with freezing results for whole 
Bbyophyllim plants 


Survival 

Dye adsorbed 

Mean 

Hangb 

% 

% 


• 

100 

90-88-84-60-60-46-37 

66 

90-37 

95 

57- 

57 


90 

75-53 

64 

75-53 

85 

70-35 

52 

70-35 

80 

58-51 

54 

58-51 

75 

55-28-28 

37 , 

j 55-28 

50 

75-70-59-54-50-44-31 

54 

75-31 

40 

51- 

51 


35 

45-35 

40 

45-35 

30 

57- 

57 


25 

58-55-45-18 

44 ' 

' 58-18 

15 

70-59-42-35 

51 

70-35 

10 

63-57-54-51-42-31-29-28-17 

41 

63-17 

5 

72-68-60-55-54-51-39-15 

51 

72-15 

0 

78-75-71-70-67-66-66-65-64- 

64-62-57-56-55-55-54-53-53- 

53-51-50-49-48-48-45-43-38- 

36-34-33-29-21 

53 

78-21 


survival, with several plants totally uninjured, a much larger number en- 
tirely killed, and a scattering number intermediately injured. This table 
has been arranged to show the dye adsorption results for each individual 
plant grouped together on the basis of their percentage of survival and 
showing the range and mean value of the dye adsorption results for the 
plants in each survival group. Inspection of these results shows that for 
the survival groups containing several plants the range between the high- 
and low-adsorption values is very large, showing some correlation with 
hardiness for some plants and none at all in others. The mean values for 
the different survival groups also show no definite trend of agreement with 
survival. 

Sampling from so large a unit as a whole plant gave results so incon- 
clusive, that a series of experiments was undertaken to secure more represen- 
tative sampling from smaller, more localized portions of the plant. To 
this end a group of large Bryophyllum leaves was selected and detached 



DUNN: VALUE OP THE DYE-ADSORPTION TEST 


871 


from the plants. They were each halved lengthwise on one side of the mid- 
rib and the half with the midrib was placed with the petiole-end in a flat of 
moist sand, to be tested for its resistance to injury by freezing. Again this 
plant is rather well adapted to this form of test. Because of its heavily 
cutinized epidermis it does not wilt readily under these conditions. The 
other half -leaf was macerated and tested for dye adsorption in the usual way, 
care being taken to record the halves by number for comparison of results. 
Five different groups of leaves, making a total of 64, were treated in this 
way, the leaves in any one group being in one flat and chilled simultaneously. 
The effect of the exposure to cold again was expressed in percentage of the 
half-leaf not injured, and the results on all of the different lots are sum- 
marized in table II. The results show a large number of leaves entirely 

TABLE II 

Comparison of dye adsorption values with freezing results for separate 



BRYOPmLLlM LEAVES 



Survival I 

Dye adsorbed 

Mean 

Range 

% 

% 



100 

66 - 59 - 52 - 48 - 39 - 38 - 35 - 30-21 j 
11-5 1 

36 

66-5 

95 

95 - 74 - 59 - 44 - 29 - 25-5 

47 

95-5 

90 

56 - 54 - 52 - 43 - 41 - 31 - 26 - 1 4-10 

36 

56-10 

85 

60-10 

35 

60-10 

75 

50 - 

50 


70 

53 - 

53 


50 

44 - 

44 


40 

15 - 

15 


35 

34 - 

34 


25 

40 - 36-16 

30 

40-16 

]5 

37 - 34 - 

35 

37-34 

10 

1 55-20 

37 

55-20 

5 

44-25 

34 

44-25 

0 

70 - 61 - 59 - 59 - 56 - 46 - 41 - 40-40 
39 _ 34 -. 34 - 3 1 - 28 - 26 - 24 - 13-5 

5 - 4-4 

34 

70-4 


uninjured or slightly injured, a large number totally killed, and a few scat- 
tering ones with intermediate injury between. Also the large variation in 
the range of dye-adsorption values for the large groups of survival per- 
centages is again encountered, as in the results for whole plants, and the 
mean values show no greater agreement to hardiness. The conclusion to be 
drawn from the experiments with BryophylUim is that the dye-adsorption 
test is not effective in predicting hardiness in advance of freezing under the 
conditions of these experiments. 

Experiments with cabbage 

This type of experiment was extended to cabbage, but, because the cab- 
bage leaf will wilt more readily if detached from the plant for any length 
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of time, the half -leaves were left attached to the plant. The plants were 
quite large and after sampling, the whole plant, together with others in the 
group, were exposed to a temperature of - 5° C. for 15 hours. Two different 
groups of plants were tested, making a total of 40 plants, and the results 
appear in table III. No greater agreement of the dye-adsorption results 

TABLE III 

Comparison or dye adsorption values with preezino results tor single 

CABBAGE LEAVES 


Survival 

Dye adsorbed 

Mean 

Range 

% 

% 



85 

57- 

57 1 


75 

63-47 

55 

1S3-47 

60 

54- 

54 


50 

50- 

50 


35 

55-52- 

53 

63-52 

30 

51-50-49-48 

49 

61-48 

25 

47- 

47 


20 

57-54-46-40-34 

46 

57-34 

15 

67-56 

61 

67-56 

10 

61-52-43-42-38 

47 

61-38 

5 

45- i 

45 


0 

69-58-56-56-55-55-52- 




50-44-42-41-41-40-39 i 

49 

69-39 


with hardiness is evident here than with Bryophyllnm, 

Since these results indicate that the dye-adsorption test is not accurate 
enough to predict hardiness of smaU units of a plant such as a leaf, a 
further series of experiments was carried out to determine if it can predict 

TABLE IV 

Comparison of dye adsorption values on composite samples with freezing 
RESULTS for GROUPS OF CABBAGE PLANTS 


Group no. and 

1 

No. OF 


Tissue 


condition of 

Lot 

PLANTS 

Treatment 

SURVIV 

j A ju AD* 

plants 


PEE LOT 


ING 






% 

% 

1 

A 

10 

Hardened 7 days at + 5° C. 

73 

40 

Good-sized, vig- 

B 

10 

Hardened 5 days at + 1® C 

70 

44 

orous plants 

‘ C 

10 

Unhardened 

38 

35 

2 

A 

12 

Hardened 4 days at 4 5° C 

71 

56 

Old plants 

B 

12 

Unhardened 

77 

63 

3 

A 

8 ! 

Hardened 6 days at 4 5® C 

25 

64 

Very old plants 

B 


Unhardened 

20 

63 

4 

A 

25 

Hardened 6 days at 4 5®C. 

85 

67 

Young plants 

B 

26 

Unhardened 

65 

63 
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with any accuracy the average performance of a large group of plants. 
Several different groups of cabbage plants of various ages were tested at 
different times. In each case half of the group was hardened by exposure 
to a low temperature slightly above 0° C. nightly for a few days, in an 
attempt to secure differences in cold reaction for comparison. Before being 
exposed to the lethal temperature of - 5° C. for 15 hours each group was 
sampled for a dye-adsorption test by taking one fairly representative leaf 
from each plant. These were then macerated together and composite 
samples taken. A summary of the results appears in table IV. Here the 
results are not as conclusive as could be desired, especially in the second and 
third groups of old plants where the differences for the values of both tests 
are slight, but at least the hardier group of plants always gives the greater 
adsorption. It should be noted that hardening does not always produce a 
hardier lot of plants, as is shown in group 2. 

Discussion 

The literature on various tests and measurements of plant hardiness is 
very extensive and has been reviewed at great length in several recent papers. 
Therefore, none of it will be touched on here save to agree with Martin (3) 
and Maximov ( 4 ) : that none of the methods so far developed can be used 
with certainty to determine hardiness in a practical way as a substitute for 
a natural or artificial freezing test. Furthermore, it should be pointed out 
that the accuracy of many of these methods is determined by comparison 
with the varietal standings on the basis of general field and observational 
experience which, from results reported here and in previous papers ( 1 , 2 ), 
is frequently very unreliable. 


Summary 

1. The dye-adsorption test involving colorimetric measurement of col- 
loid content of plant tissues had previously shown some promise as a mea- 
sure of cold hardiness. Further work is here reported to determine its accu- 
racy in predicting hardiness in advance of freezing. 

2. Tests on individual plants and even on individual leaves of Bryophyl- 
lum and cabbage gave contradictory results in comparison to subsequent 
freezing effects on the same plants and leaves, and indicate that the reliability 
of the test in prediction of hardiness is doubtful. This is similar to the con- 
elusion reached for about every other method for testing hardiness reported 
in the literature. 

3. A somewhat limited effectiveness of the method is indicated for tests 
of average hardiness of a large group of plants. 

New Hampshire Ageicultitral Experiment Station 
Durham, New Hampshire 
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ENVIRONMENTAL CONDITIONS INFLUENCING THE DEVELOP- 
MENT OP TOMATO POCKETS OR PUFFS" 

Abthdh C. Fostee and Eveeett C, Tatman 

The condition known as tomato “pockets” or “puffs” is a serious .disease 
or abnormal condition of the fruit of this crop in the Atlantic and Gulf 
Coast States, and frequently in California. This abnormal condition of the 
fruit is more prevalent in the mid-winter and early spring crops grown in 
Florida, and especially in the early spring ci^ops grown in Mississippi and 
Texas. Frequently 15 per cent, of the total crop is lost in Texas, and often 
individual growers will lose as much as 65 per cent, of their crop. The 
malady is also of frequent occurrence on tomato crops grown in greenhouses 
in the north. 

The literature relating directly to tomato “pockets” is limited and 
almost entirely of an empirical nature. However, there is an abundance of 
literature which relates indirectly to the phenomenon that contains consider- 
able carefully collected experimental data. As early as 1892, Munson (3) 
observed that adequate pollen distribution was necessary for ovule fertiliza- 
tion and normal fruit development. White (10) observed that insufBcient 
pollen induced seedless tomato fruit with empty locules, which resulted in 
fruits of the typical pockets type. Radspinner (4) and Smith (7), work- 
ing in Oklahoma on the relation of environmental factors to anthesis and 
blossom-drop of tomatoes, came to the conclusion that hot dry winds and low 
soil moisture favor unusual elongation of styles which resulted in sterility 
and blossom-drop. Smith and Cochran (8) reported that temperature had 
a marked effect on germination of pollen and rate of pollen tube growth. 
Howhett (2) reported that carbohydrate deficiency resulted in the suppres- 
sion of the male organs and pollen sterility, while nitrogen deficiency did 
not affect microsporogenesis and the development of the male gametoph 3 d;e. 

The literature relating more directly to tomato pockets is rather frag- 
mentary. Sando (8) tried to determine the influence of various fertilizer 
combinations on the development of tomato pockets without definite results. 
He also failed to find very marked chemical differences between pocketed 
and normal fruit. Pritciubd* working in Florida from 1924 to 1928, made 
extensive varietal trials with tomatoes and found that Marvelosa produced 
less pocketing of fruit than other varieties grown. Skinner and Ruprecht 
(6), working in Florida, reported that unfertilized tomatoes developed 80 
per cent, of pocketed fruit, and that fertilized plants developed only 30 per 

1 See abstract under same title in Science, n.s. 86; 21—22. 1937. 

2 Preliminary report of experimental work on tomato disease. Bureau of Plant 
Industry, Beports of Progress, 1924 to 1928 inclusive. Unpublished data* 
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cent, of pocketed fruit. Traub, Hotchkiss, and Johnson (9), working in 
Texas, gave the first detailed description of the malady and established a 
tentative classification of the different types. They also suggested the use of 
the term ‘^pockets’' in preference to the colloquial term “puffs.’’ Friend 
(1), working in Texas, carried out extensive variety and fertilizer trials with 
tomatoes and came to the general conclusion that pocketing was not materi- 
ally affected by the use of fertilizer, but that less loss occurred on plots 
receiving 600 pounds of superphosphate per acre. He also noted that, while 
all varieties tested were susceptible to pocketing, some appeared to be more 
susceptible than others. Yarnell (11), working in Texas, reported that 
pocketing was often the result of genetic factors affecting fruit development. 

The present experiments were conducted in the greenhouse at Arlington 
Experiment Farm near Rosslyn, Va., during 1931 to 1935. The methods of 
procedure were rather unique. The plants were grown in a good quality of 
greenhouse soil made up of clay loam from Arlington Farm, composted with 
manure and muck, to which sand was later added. Before use, all soil was 
passed through a i-inch mesh wire screen to insure uniformity. This soil 
had a water-holding capacity of 65 per cent, of its dry weight, and the water- 
holding capacity remained uniform over a period of 5 years’ experimental 
work. 

The plants were grown in a wide range of approximate soil moisture 
levels, varying from 39 to 85 per cent, of the water-holding capacity of the 
soil. The soil moisture series were set up by first determining the original 
amount of water in the soil, and then adding sufficient water to bring the 
water content up to the required percentage. The soil moisture was main- 
tained at approximately the desired level by frequent (4 to 6 times daily) 
additions of measured amounts of water, the required amounts being de- 
termined by weighing the cultures on solution balances of 40-kgm. capacity. 
All plants were grown in 3-gallon glazed crocks holding 12 kgm. of soil. 

Fertilizer containing varying amounts of nitrate of soda, superphos- 
phate, and potassium sulphate, at the rate of 2 tons per acre, was incorpor- 
ated into the soil as it was placed in the crocks. During the 5-year experi- 
mental period, fertilizers with widely varying analyses, in the order of N, 
P, and K, respectively, were used : 9-12-12, 2-2-12, 2-12-2, 8-8-8, 12-0-12, 
12-2-2, 12-12-0, and check or no added fertilizer, were used during 1931 
and 1932 ; and two series of crops with these analyses were grown for two 
short and two long day periods. During 1933, other analyses were used : 
0-0-12, 0-6-6, 0-12-0, 6-0-^, 6-6-0, 12-0-0, and check. Another crop was 
grown during midsummer of 1933 with fertilizer analyses varied and lime 
added, to obtain varying pH values of the soil from 4.5 to 8.5. In this ex- 
perimental set-up, the source of nitrogen was varied so. as to increase the 
alkalinity with increasing amounts of nitrate of soda with added lime ; and 



FOSTER AND TATMAN : TOMATO POCKETS 


877 


sulphate of ammonia was used to increase the acidity of the soil. The an- 
alyses used in this experiment were : check, 2-6-8, 4-6-6, 6-6-4, 8-6-2, and 
10 4 — 2. 

Either 5 or 6 crocks of each fertilizer treatment were placed in each of 
the 3, 4, or 5 soil moisture series, and these were grown under as uniform 
temperature as could be maintained in a greenhouse. A crop was matured 
during December or January for the short daylight period effect, and a 
duplicate was grown to mature during the middle of summer for the long 
daylight period effect. 

During 1933 to 1935, the fertilizer analyses used were reduced to three : 
12-0-12, 12-6-12, 6-12-6, and check or no added fertilizer. 

In these experiments, 5 crocks of each fertilizer treatment were placed in 
each of the three soil moisture series, and these were replicated in each of 
the three different temperature units of the greenhouse, maintained at ap- 
proximately 65°, 70°, and 75° F. This gave for study, 5 replications of each 
at the 36 points of observation, a total of 180 plants under approximately 
controlled environmental conditions. 

The Marglobe variety of tomato was used throughout the experimental 
period of 5 years. The date of sowing the seed for the short and long day 
crops varied, but the seedling plants were transplanted to the 3-gallon crocks 
when about 3 weeks old, and allowed to become established. The plants were 
staked with heavy wire stakes and later, with the appearance of the first 
flower cluster, the wire stakes were replaced with 6-foot bamboo stakes. The 
plants were pruned to a single stem, tied to the stake, and eventually topped 
after the appearance of the sixth flower cluster. During the growth period, 
the moisture content of the soil was kept approximately constant by the 
method already mentioned. A careful record was kept of the total amount 
of water consumed by each plant daily for the duration of the various 
experiments. 

The experimental method as outlined would indicate that the plants were 
grown under approximately uniform controlled environment, and this was 
true for the majority of the cultures. However, to determine the influence 
or effect of sudden changes in environment, selected plants from the differ- 
ent soil moisture and temperature cultures were changed to other environ- 
ments and effects observed. 

During the 5 years ^ intensive study of the environmental factors, namely, 
soil moisture, relative proportion of mineral nutrients, temperature, and 
length of day period, which influence the development of tomato pockets, a 
large amount of data has accumulated. These data represent a study of 
each individual plant, as to its daily and total transpiration rate and water 
requirement, and also a study of the effects of sudden increases or decreases 
in soil moisture. The effects of sudden changes in temperature and in evap- 
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oration capacity of the air have also been studied. The detailed data are 
too extensive to present in tabular form in a resume, so a summary of the 
major results are given. 

The most important conditions within the plant and the associated en- 
vironmental factors that appeared to contribute to the pocketing of tomato 
fruits in these studies may be classified in three groups, and are as follows : 

(1) No fertilization of ovules or typical parthenocarpy. It should be 
recognized that the culture of tomatoes in the greenhouse under varying 
environmental conditions offers ideal conditions for producing pocketing of 
the fruit. Under ordinary circumstances pollen distribution is poor but this 
was largely overcome by frequent agitation of the plants, by handling them 
in weighing to correct for water loss, in tagging the blossoms as they opened, 
in the tieing of the plants to the stakes, and in the taking of notes. In addi- 
tion, the most prominent factors that contribute to sterility and partheno- 
carpy may be briefly noted: (a) abnormally long styles, a result of high 
temperatures; (b) slow germination of pollen, a result of low temperature; 
(c) slow growth rate of pollen tube, due to low temperature; (d) pollen 
abortion, a result of low carbohydrate reserve, caused by high nitrogen, high 
soil moisture, high temperature, and short daylight period; (e) ovule or 
embryo abortion, due to low nitrogen reserve, a result of low nitrogen, high 
soil moisture, high temperature and short daylight period. In these studies 
the many factors enumerated contributed strikingly to the development of 
pocketed fruit, especially in the high and low temperature greenhouse units 
when large amounts of nitrogen were applied. 

(2) Ovule or embryo abortion after normal fertilization. The satura- 
tion or supersaturation of the soil appeared to cause marked changes in the 
normal metabolic, respiratory, and transpiration activities of the plant, 
which, in turn, resulted in ovule or embryo abortion. Also, excessive drought 
accompanied by high transpiration, a condition that apparently results in 
endoxerosis, causes marked apparent changes in normal metabolic, respira- 
tory, and transpiration activities, and results in ovule and embryo abortion 
and the development of pockets. 

(3) Necrosis of vascular and placental tissue after fruit growth is well 
developed. During any period of the growth of the plant, the saturation or 
supersaturation of the soil apparently stops almost entirely all transpiration, 
causes marked changes in color, the plants becoming chlorotic, and also 
otherwise interferes with the normal metabolic activities. These conditions 
apparently contribute largely to the appearance of necrosis of the vascular 
and placental tissue, which, in turn, leads to the development of pockets of 
the fruit of jany age. Low soil moisture, accompanied by high transpiration, 
results in endoxerosis of the vascular and placental tissue. Sudden changes 
from optimum or high soil moisture to low soil moisture, accompanied by 
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excessive transpiration, appeared to be the most drastic treatment of all that 
favored the development of pockets. 

Samples for chemical analyses, collected from the stem, bottom part of 
the plant, middle part of the plant, top part of the plant, and of fruit of 
different ages show marked differences in carbohydrate and nitrogen con- 
tent. Significant correlations are to be expected with reference to the differ- 
ent plant parts and the appearance of pockets. The analyses of fruits from 
various treatments differ little when collected at the same stage of maturity, 
with the exception of those grown in the low temperature house. They are 
almost entirely vegetative in nature, and have a higher percentage of total 
solids, reducing sugars, and starch. 

In these studies we are dealing with an environmental complex of many 
factors, as, for instance, soil moisture, soil nutrition, air temperature, light 
duration, and the interrelation and interaction of these component factors, 
any one of which may become a limiting factor to normal plant growth, and 
metabolic and respiratory activity, and thereby interfere with the normal de- 
velopment of tomato fruits. There is considerable suggested evidence that 
large amounts of superphosphate and only moderate amounts of nitrogen in 
the fertilizer reduce pockets by giving a nutritional balance conducive to 
more nearly normal seed development. The factors that can be observed 
and measured appear, when adverse, to bring about a general disturbance 
of the metabolism of the plant, causing a condition of suboxidation or en- 
doxerosis, to affect the COj and 0^, exchange, which, in turn, apparently 
leads to a visible necrosis of the vascular and placental tissue, thereby affect- 
ing ovule and embryo and placental development and normal fruit growth. 

United States Department of Agriculture 
Hortk ultural Field Station 
Beltsville, Maryland 
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PHOTOPERIOmC STIMULATION OP GROWTH BY ARTIFICIAL 
LIGHT AS A CAUSE OP WINTER KILLING 

Paul J. Kbamee 
(with one figure) 

The results of several recent investigations indicate that length of day 
or photoperiod is an important factor in determining the length of growing 
season in certain species of woody plants. The short days of late summer 
and autumn stop stem elongation and the production of new leaves in a 
number of species long before temperatures are low enough to check growth. 
This has been strikingly demonstrated by a hedge of Abelia grandifiora grow- 
ing on the Duke University campus. Aheha is ordinarily quite hardy, but 
it has been observed that the plants in this hedge near the electric lights 
winter-kill badly, while those midway between the lights are never injured. 
A study was therefore made to determine the cause of this difference. 

The entire hedge was trimmed September 25 and at that time it was quite 
uniform in appearance. By October 20, when the first light frosts occurred, 
the plants on each side of the lights for a distance of about five yards were 
distinctly different in appearance from those farther away. They bore 
numerous new shoots which were soft and succulent, and covered with pale, 
green leaves which contrasted strongly with the short, woody shoots, and 
bronzed, dark-green color of the leaves farther from the light. Difference 
in color and amount of growth was so marked that it could be seen at a 
distance of over 200 yards. 

The number of new shoots produced since pruning was counted in a 
strip one foot wide at yard intervals from the lights. The results of 14 
such counts were averaged and are shown in figure 1. It will be observed 
that, beginning five yards from the light, the number of new shoots decreased 
rapidly with increasing distance up to about 15 yards, where the number 
became constant. It was also observed that the plants near the lights con- 
tinued to flower later in the season than the plants at a distance. 

Late in November, after several hard freezes had occurred, counts were 
made of the number of frosted shoots at yard intervals from the lights. It 
was found that the tips of all the growing, succulent shoots had been killed 
back two to six inches. The averages of ten such counts are shown in figure 
1. It will be observed that the greatest number of dead Shoots occurred at 
three yards from the lights, which is also the point of greatest light intensity, 
and that no dead shoots were found at a distance of nine or more yards from 
the lights. 

The light intensity amounted to only about two foot-candles at the bright- 
est point, so it could not be measured satisfactorily with an ordinary 
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Fig. 1. Number of new shoots developed following last pruning ; number of frosted 
shoots and light intensity measured at yard intervals from lights. 

illumination meter calibrated in foot-candles. It was therefore measured 
at yard intervals from the lights by means of two photronic cells connected 
in parallel to a microammeter. The curve for light intensity represents the 
average of five determinations and is plotted in microamperes x 10. It will 
be noted that the number of new shoots produced after the last pruning, and 
the number of frosted shoots, are closely correlated with light intensity up to 
about ten yards from the lights. The most marked effects occur in the first 
five yards, nearly twice as many shoots being killed at five yards as at six 
yards. Since the maximum intensity was only two foot-candles, a light 
intensity of less than one foot-candle will produce a photoperiodic reaction 
in Abelia, The entire hedge is exposed to weak illumination from the lights, 
which burn all night ; but at a distance greater than ten yards from the light 
the intensity is too low to affect growth. 

Early in September, two dozen vigorous Ahelia plants were removed from 
the nursery, potted, and placed outside the greenhouse. Half of them were 
exposed to normal length of day while the other half received daylight 
supplemented with sufiSeient electric light to give a photoperiod of about 
14.5 hours, which equals the longest days of midsummer. By early October, 
only two of the normal-day plants had produced new shoots, while all of the 
long-day plants bore long, succulent shoots with light-green leaves. The new 
growth was killed back by November freezes, while the woody shoots and 
bronzed, dark-green leaves of the normal-day plants were entirely uninjured. 
It appears that a photoperiod equal to that of midsummer is just as effective 
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in prolonging the growing season as the continuous light to which the hedge 
is exposed. 

Black locust (Bobinia pseudoacacia L.) seedlings exposed to long and 
normal photoperiods reacted in the same manner as Abelia. The normal-day 
plants ceased growth in September while the long-day plants continued 
rapid growth until killed by freezing weather in November. The normal- 
day plants were entirely uninjured by these freezes. 

Discussion 

The results of these experiments clearly indicate that winter killing re- 
sulted from the failure of the Abelia to cease growth and become hardened 
before freezing weather occurred. The failure to cease growth can definitely 
be attributed to the photoperiodic stimulation of electric light. It is evi- 
dently unwise to plant Abelia too near bright lights. The same conclusions 
apply to black locust. 

These results are in accord with those of certain Russian workers who 
have stressed the importance of photoperiodic reaction in determining the 
degree of cold resistance of woody plants. Bogdanov (1) and Moshkov (3, 
4) found that certain southern species transferred to the long days of north- 
ern Russia continued to grow in the autumn until killed by frost. If the 
photoperiod was artificially shortened they ceased growth before freezing 
weather occurred, and survived the winter without injury. As the writer 
(2) has reported, not all trees are sensitive to a long photoperiod, and it is 
unlikely that all shrubs are sensitive. It is believed, however, that many 
instances of winter killing of isolated trees and shrubs result from proximity 
to electric lights causing growth to continue too late in the autumn. Several 
such occurrences have already been reported to the writer, and it is hoped 
that other investigators will search for similar examples. Information of 
this nature will enable those in charge of planting operations to avoid dis- 
appointments by keeping light sensitive plants away from bright lights. 

Duke University 

Durham, North Carolina 
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BRIEF PAPERS 


DEVELOPMENT OP CAROTENOID PIGMENTS WITHOUT 
THE AID OP LIGHT 

Xanthophyll and carotene are usually associated in plants and are pres- 
ent before the formation of chlorophyll. Their formulae suggest genetic 
relationship. Xanthophyll can be reduced to carotene and the transforma- 
tion is reversible. Together they may represent a respiratory mechanism 
similar to the haemoglobin-oxyhaemoglobin complex in animal forms. 

No chlorophyll develops in seedlings not exposed to light as was first 
recorded by Joannes Eajus in 1693. Bonnet called such plants ‘‘etioll^es’’ 
and the condition is now known as etiolation. 

Arnatjd in 1889 first suggested that etiolated leaves contain carotene. 
The carotenoids are in leucoplastids which are generally assumed to be iden- 
tical with the chloroplastids that contain the chlorophyll of normal plants. 
Kraus first studied the alcoholic extract of etiolated leaves spectroscopically 
and concluded that the yellow pigments and the chlorophyll of normal plants 
are genetically related. Pringsheim made similar studies in 1874 and con- 
cluded that a special pigment was present which he called ^^etiolin.^’ This 
substance seems to be identical with protochlorophyll. 

The results of experiments by the writer and by others before him, prove 
that chlorophyll forms within less than 30 seconds after etiolated plants are 
exposed to light. Protochlorophyll is probably the precursor. 

According to observations of the writer the yellow color of etiolated sun- 
flower seedlings is limited almost entirely to the cotyledons. The stems are 
white except for a small zone directly below the cotyledons. Upon ex- 
posure to light, this zone increases downward, the yellow extending beyond 
the green when chlorophyll forms. In time, however, the yellow and green 
colors become confused. It appears that some material is translocated in the 
stem which is converted into pigment in the plastid by the metabolic proc- 
esses of the protoplasm. 

The writer’s experiments further show that the carotenoids are formed 
in sunflower seedlings without the aid of light. Some seeds contain carote- 
noid pigment, but attempts to extract them from sunflower seeds failed. 
Even if it is assumed that an initial amount was present, careful studies by 
the writer proved that the pigment forms in the absence of light. The 
greatest rate of development was between the fourth and seventh days of 
sprouting. The rate of increment in that time was much greater for caro- 
tene than for xanthophyll, and the decline from the seventh to the four- 
teenth day was much greater for the carotene. The amount of carotene 
developed, in comparison with the amount of xanthophyll, was always small. 
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The xanthophyll : carotene ratio increased during the period from the 
fourth to the seventh day, from 9 to 12, and during the period from the 
seventh day to the fourteenth day, from 13 to 20. 

It may be concluded that the origin and the function of carotene and 
xanthophyll are probably related. The material stored in the seed probably 
is the source of the necessary material and energy required for the forma- 
tion of the carotenoid pigments. 

Carotene appears to have a stimulating effect on the production of roots, 
which suggests that carotene may be a precursor of auxin. — ^William A. 
Beck, Institutum Divi Thomae, Graduate School of Scientific Research^ 
Cincinnati, Ohio. 



NOTES 


Annual Election. — The annual election of the American Society of Plant 
Physiologists has resulted in the choice of the following oflBcers for 1937- 
1938: President, Dr. Otis P. Curtis^ Cornell University; vice president, Dr. 
Walter F. Loeiiwing, The State University of Iowa; secretary-treasurer, 
Dr. F. P. CuLLiNAN, I'^nited States Department of Agriculture, Beltsville, 
Maryland ; elected member of the executive committee. Dr. R, B. Harvey, 
University of Minnesota (term to expire in 1940) ; elected member of the 
editorial committee. Dr. H. R. Kraybill, Purdue University (term to expire 
in 1940). 

Two vacancies have been filled by executive committee action. Dr. Bur- 
ton E. Livingston, The Johns Hopkins University, has been appointed to the 
executive committee for one year, vice the election of the retiring president 
to a three year term by ballot. To succeed Professor Francis E. Lloyd, 
McGill University, who after twelve years of faithful service has resigned 
from the editorial committee. Dr. G. W. Scartii, McGill University has 
been appointed for a five-year term. 

Denver Meeting. — The meeting of plant physiologists in Denver was 
arranged under the joint auspices of the American Society of Plant Physi- 
ologists, the Western Section of the society, and the Physiological Section of 
the Botanical Society of America. The meeting opened on June 22 with a 
symposium on chlorosis and some of the minor elements. The Western 
Society for Soil Science joined in the meeting, and an attendance of over 
100 attested the wide interest in this subject. The afternoon session of June 
22 was devoted to a symposium on plant hormones under the leadership of 
Dr. F. Went, California Institute of Technology. This symposium was ex- 
ceptionally well arranged, and presented the developmental history of 
hormone research, supported by current investigations. The discussion 
was continued during the evening at a dinner for plant hormone physiolo- 
gists at the Cosmopolitan Hotel. The dinner was attended by more than 40 
interested scientists. Round table discussion was punctuated or accompanied 
by brief sketches of work in progress, and by a free discussion of controversial 
points by men having different concepts and points of view. The deep inter- 
est shown in this program indicates that scientists really enjoy the stimulus 
of such meetings, and should probably provide for skilfully developed round 
table discussions more frequently. 

The morning of June 23 was occupied with the presentation of numerous 
short papers, and the afternoon was spent with section G, A.A.A.S., which 
was celebrating its 100th meeting. June 24 was featured by fit sympo- 
sium on drought resistance in plants, with Dr. A. H. Hendrickson as chair- 
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man. A dinner and smoker for plant physiologists on Thursday evening *was 
attended by about 80 individuals. The toastmaster, Dr. J. P. Bennett, Uni- 
versity of California, announced the results of the annual election, and also 
the election of two new patrons of the society, Dr. Burton E. Livingston, 
The Johns Hopkins University, and Dr. Alexander P. Anderson, Tower 
View Laboratory, Red Wing, Minnesota. He then called upon president R. 
B. Harvey, who responded with an address on the processing of citrus fruits, 
and upon Dr. George R. Hill, Jr., who responded with an address on the 
control of smelter gas injury to vegetation. 

Friday morning was again given over to a program of numerous short 
reports, and the afternoon to field trips; however, heavy rain dampened the 
enthusiasm for mountain climbing and picnicking. 

The meeting as a whole reflects great credit upon the officers of the sev- 
eral organizations cooperating in its arrangement. It was as well attended, 
as successful, and as full of interest as the usual meetings in December. 

New England Section. — The annual meeting of the New England Section 
was held at the Rhode Island State College, Kingston, Friday and Saturday, 
May 14-15, 1937. An interesting program of short papers was arranged for 
Friday afternoon. This covered such problems as auto-irrigation of cultures, 
pH and soluble iron from ferric phosphate, embryo development of ash seeds 
previous to germination, influence of Bordeaux spray on tomatoes, calibra- 
tion of recording illuminometers, sampling of light under forest canopies, 
and the use of cellulose films for supplementary insulation of plants under 
glass. 

Friday evening was given over to the annual dinner, with an address of 
welcome from President Bressler, and an illustrated lecture on contro- 
versial conservation by Henry B. Childs. 

Saturday morning was planned to give- opportunity to observe the field 
plots, greenhouses, and laboratories of the Rhode Island Agricultural Ex- 
periment Station, and the State College. Another session for presentation 
of papers followed the tour of the experimental fields where so many inter- 
esting discoveries have been made. In the midst of this program the annual 
business meeting was held as an intermission period. The officers of the New 
England section elected for 1937-1938 are Dr. F. H. Steinmetz, University 
of Maine, chairman; Dr. H. B. Vickery, Connecticut Agricultural Experi- 
ment Station, vice chairman ; and Dr. L. H, Jones, Massachusetts Agricul- 
tural Experiment Station, was reelected secretary-treasurer. The fourth 
annual meeting of the section will be held at Orono, Maine, in May, 1938, 
under the auspices of the University of Maine. 

Saturday afternoon was devoted to a teachers’ forum which attracted 
much attention. It was a Seminar on the teaching of plant physiology, deal- 
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ing with the logical objectives and methods of approach in teaching plant 
physiology. The committee members in charge of this new departure were 
Dr. C. J. Lyon, Dartmouth College, chairman, Dr. Dorothy Day, Smith 
College, Dr. Carl G. Deuber, Yale University, and Dr. F. H. Steinmetz, 
University of Maine. This meeting was so significant and so valuable that 
a special report from the chairman of the forum committee will be published 
in the October number of Plant Physiology. It is a sign of healthy progress 
that deep interest is being shown in the different pedagogical techniques 
demanded in handling plant physiology in the agricultural colleges, and in 
liberal arts colleges. It is hoped that future seminars along similar lines may 
bring the problems of effective teaching of this subject to the forefront of 
interest among plant physiologists throughout the United States. 

Corporate Seal. — The American Society of Plant Physiologists was incor- 
porated as a non-profit organization under the laws of the District of Co- 
lumbia, July 5, 1932. Under the revenue laws relating to exemption of non- 
profit organizations from income taxes, it was necessary to have a corporate 
seal. During the last year the secretary has given attention to the develop- 
ment of an appropriate design, which was submitted to the executive com- 
mittee at the Denver meeting for approval. The executive committee au- 
thorized the adoption of a corporate seal, approved with slight change the 
design submitted, and authorized the secretary to have it made up immedi- 
ately. We hope that a reproduction of the design may be printed as soon 
as it is available. 

Legislative Committee. — The executive committee authorized the ap- 
pointment of a legislative committee at the Denver meeting, the vice president 
of the society to be chairman of the committee. Dr. C. 0. Appleman, Univer- 
sity of Maryland, was named for a two-year term on the committee, and Dr. 
Charles B. Lipman, University of California, to a three-year term. Dr. 
W. P. Loehwing, vice president, will be chairman during 1937-1938. 

Hans Molisch. — It has seemed appropriate to honor those who have been 
elected as corresponding members of the American Society of Plant Physiolo- 
gists by some form of public recognition of their service. It is therefore with 
great pleasure that we are able to present in this number of Plant Physi- 
ology a portrait of Hans Molisch, accompanied by a paper from L. Lins- 
bauer on Fifty years of Plant Physwlogy in Austria. 

Hans Molisch was born at Briinn (Mahren) on July 12, 1856, and cele- 
brated his eightieth birthday anniversary last year. His parents were 
Johann and Pranziska (Matza) Molisch. He was educated at the K. K. 
Deutschen Ober-Gymnasium at Briinn, and at the University of Vienna, 
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which institution he entered in 1885. On March 10, 1888, he was married to 
Ida Knoller, who is the mother of two children, Paul, born in 1889, and 
Fritz, bom in 1894. 

In 1889 Hans Molisch became ausserordentlicher Professor at the Tech- 
nische Hochschule in Graz, Several years later he moved to Prag, where in 
1894, he was appointed ordentlieher offentlicher Professor in the German 
university and director of the Plant Physioloj^ical Institute. In 1909 he 
returned to Vienna with the same title. During 1922 to 1925 he was visit- 
ing professor at the Imperial University at Sendai, Japan, and travelled 
extensively in the Orient. Since 1925 he has been at the University of Vienna 
as emeritus professor of plant physiology. Throughout these years of his 
professional life he was very active in his investigations, and has published 
over 200 papers on plant physiology. He is also well known for his many 
books (about 20), some of which were standard textbooks used in the univer- 
sities, while others served to increase popular interest in physiological experi- 
ments. He was elected a corresponding member of the American Society of 
Plant Physiologists at St. Louis in 1935. 

At the beginning of his eighty-second year, we are happy to extend to 
him the cordial greetings of American plant physiologists, who appreciate the 
great contributions he has made to our knowledge of plants during the last 
half-century, and who admire him as an indefatigable worker in this field 
of science. 

Edward C. McCarty. — ^News of the sudden death of Dr. Edward C. Mc- 
Carty at his home in Riverside, California, on December 31, 1936, at the age 
of 52 years, came as a severe shock to his many friends throughout the coun- 
try. Dr. McCarty was born in 1884, and held degrees from the Jefferson 
School of Law (Doctor of Laws, 1912), from the University of Montana (B.S., 
1916), and from the University of California (Ph.D., 1927). He was asso- 
ciate professor of plant physiology at the Colorado Agricultural College from 
1920 to 1926, and during the last 10 years had been on the faculty of the 
Riverside Junior College, Here he combined in happy manner his aptitude 
as a teacher, his fondness for investigation, and his love of students. His 
research on range problems attracted attention of the U. S. Department of 
Agriculture and he was employed during the summer in the work of the 
Forestry Division. His work on grasses and their responses to grazing are 
particularly noteworthy. One of these contributions was published in 
Plant Physiology 10 : 727--T38. 1935. 

Gifted with an unusually friendly personality, he was a wise counsellor 
and friend to all of his students and colleagues. His industry, his honesty, 
his loyalty to his associates and to his own ideals, his humility of spirit en- 
deared him to all who knew him ; and his departure represents an irreparable 
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loss to his family, his friends, his institution, and to his field of science. He 
was for several years a member of the American Society of Plant Physiolo- 
gists. 

The immediate cause of death was a heart attack. Funeral services were 
held on the morning of January 4, 1937, at the First Congregational 
Church in Riverside. 

Annual Review of Biochemistry. — The sixth volume of the Annual Re- 
view of Biochemistry has just been published. It is not only a very creditable 
example of the art of book making; it is also a volume whose usefulness 
and value would be difficult to overstate. The reviews are carefully pre- 
pared. Everyone who has tried to review the progress of any given field 
must realize the difficulty of the task undertaken in this series; and it is 
remarkable that year after year the work is so ably done. This indicates 
a faithfulness and responsibility on the part of editors and reviewers that 
is worthy of great praise. No biochemist, no physiologist can afford to omit 
it from his list of indispensable reference works. 

The 1937 volume contains 28 reviews, many of which are of interest to 
plant physiologists. Some of the most important of these are mentioned 
to give some idea of the scope of the review. The first paper is on per- 
meability, by R. CoLLANDER ; others are on biological oxidations and reduc- 
tions, by P. Lipmann ; enzymes, by K. Linderstk0m-IjAng ; the application 
of microehemistry to biochemical analysis, by P. L. Kirk ; the chemistry of 
carbohydrates and glycosides, by W. N. Haworth and E. L. Hirst; the 
chemistry of the lipins, by E. Klenk and K. Schwirth ; the chemistry of the 
steroids, by R. Sohoenheimer and E. A. Evans, Jr.; the chemistry of the 
proteins and amino acids, by C. S. Adair; detoxication mechanisms, by A. J. 
Quick; plant pigments, by J. H. C. Smith; the alkaloids, by E. Spath; 
photosynthesis, by R. Emerson; mineral nutrition of plants, by F. G. 
Gregory; organic acids of plants, by T. A. Bennett-Clark ; and biochemis- 
try of bacteria, by C. B. van Niel. 

The other reviews on metabolism, vitamins, hormones, etc., are mainly 
reviews of progress in the animal field. Thus a fair balance is maintained 
in the entire field of biochemistry. It represents an outstanding value among 
recent scientific works. An important valuable addition to volume VI is a 
subject index. This feature is so useful, and so necessary to rapid reference 
to the material that it should be included in each succeeding volume. 

The editors, reviewers, and publishers deserve the success which has 
attended this series from its inception. Volume VI costs but $5.00, and may 
be ordered from Annual Review of Biochemistry, Ltd., Stanford University, 
California. 
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The Minor Elements. — A second edition of the Bibliography of Refer- 
ences to the Literature of the Minor Elements and their Relation to the 
Science of Plant Nutrition has been issued by the Chilean Nitrate Sduea- 
tional Bureau Inc., 120 Broadway, New York. The original edition of 1935 
was compiled by Prof. L. G. Willis, soil chemist at the North Carolina 
Agricultural Experiment Station. It contained about twe thousand ab- 
stracts, and was so popular that this first edition was soon exhausted. The 
new edition contains 396 pages, and nearly a thousand new references and 
abstracts. It is a very valuable compilation and ought to be in the hands 
of every plant physiologist. Those who find references that are not in- 
cluded in the second edition are invited to send them to the Chilean Nitrate 
Educational Bureau. Those who wish to obtain a copy of the second edition 
should write to Mr. Herbert C. Brewer, director of the Bureau. As the 
supply is already low, there is a possibility that some may have to be disap- 
pointed. They are supplied free of charge as long as they last. 

Monograph on Growth. — Under the title Studies on Wheat Grown under 
Constant Conditions, the Pood Research Institute, Stanford University, Cali- 
fornia, has published a valuable monograph on the growth of the wheat plant. 
The author of the monograph, Dr. H. L. van de Sande-Bakhuyzen, will 
be remembered for his papers published in Plant Physiology in 1928. The 
material of those papers is incorporated in the monograph, with a large 
mass of new data. He was assisted in parts of the work by Elizabeth P. 
Gripfino, and Dr. Carl L. Alsberg of the Food Research Institute. There 
are seven sections or parts to the monograph, with 36 chapters in all. The 
main divisions of the monograph bear titles as follows : Part I, the growth 
curve in annual plants; II, methods and materials; III, general growth 
features; IV, dry weight and moisture content of the various organs; V, 
dry weight and moisture of the standard plant ; VI, nitrogen and carbon of 
the organs ; and VII, nitrogen metabolism in relation to growth and develop- 
ment. In addition to numerous figures and tables, there is a bibliography 
with 233 citations, and a brief index. The entire work occupies 400 pages. 

Few agricultural plants have been investigated as carefully as the wheat 
plant has been for the preparatimi of this monograph. The program of 
research was both extensive, and intensive. A very good beginning has been 
made toward the elucidation of the growth behavior of wheat. This mono- 
graph should stimulate studio of other important plants along similar lines. 
Plant physiologists and students of general growth problems will find it of 
great value.. The price of the monograph is $4.00 per copy, and orders may 
be addressed to the Pood Research Institute, Stanford University, California. 
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Th« Nature and Properties of Soils. — This well-known textbook by Dr. 
T. L. Lyon and B. 0. Bookman of Ck)mell University has appeared in a 
third edition. The work has been thoroughly revised to keep it in line with 
the changing emphasis in the study of soils. Some changes have been made 
also in the organization of the material, so that there are now only 17 chap- 
ters, some of which are new. One of these, chapter IV, deals with colloidal 
clay and ionic exchange. All of the material is valuable to the plant 
physiologist, and the last 5 chapters present a valuable survey of the problems 
of the maintenance of soil fertility. These are : Liming the soil ; the nitrogen 
economy of soils ; fertilizers and fertilizer practice ; farm-manure and green- 
manure; and the methods of fertility maintenace for mineral soils. The 
book has not been much increased in size, it maintains its readable style, is 
not too technical for average students, and should make friends of all who are 
engaged in the problems of soil science and plant science. The book may be 
ordered from Macmillan Co., at $3.50 per copy. 
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PLANT PHYSIOLOGY IN THE U.S.S.E. 

Y. N. Lubimkneo 

The extraordinary richness and variety of plant life on an enormous 
territory, embracing almost one-sixth of the land surface of the world, 
naturally impelled the Eussian botanists first to direct their efforts to the 
study of the specific composition of its flora and of the geographic distribu- 
tion of the plants. Classification and phytogeography were therefore the 
first branches of botany to be developed and still remain the predominant 
botanical disciplines in the U.S.S.E., both in the number of scientific spe- 
cialists and in the amount of scientific research work accomplished. 

Nevertheless, the beginning of plant physiology refers to the sixties of 
the last century, the founder of the first physiological school being A. S. 
Pamintstn (1835-1918), Professor of the St. Petersburg University and 
member of the St. Petersburg Academy of Sciences (since 1889). He pub- 
lished the first university text-book on plant physiology (1887) and a large 
monograph Metabolism and transformation of energy in plants (1883). 
His first pupils were Baranetzky and Borodin. 

Plant physiology began to develop towards the end of the 19th and 
in the beginning of the 20th century, and there appeared consecutively 
the schools of C. A. Timiriasev, V. I. Palladin, S. P. Kosttohev, D. N. 
Prianishnikov, a. a. Eichter, V. V. K. Zadesskt, V. N. Lubimenko, N. A. 
Maximov, N. G. KhoiiODNt. 

There was, however, an especially marked rise in the development of 
plant physiology after the October Eevolution, which gave a great impetus 
to the organisation of new universities, high schools, botanical gardens, and 
large agricultural experimental institutions, wherein laboratories of plant 
physiology began to appear. Cadres of young physiologists qT thp new 
generation began to grow rapidly. In the Soviet laboratories they receive 
a complete special education. A great change is also to be observed in the 
general tendencies of research work. The old direction in plant physiology, 
as reflected in large handbooks and in text-books, in essence gave only a 
physico-chemical analysis of separate, unconnected functions of the organ- 
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ism ; the organism as a living, xiynamic, whole system was completely absent 
from them. 

At the present time the attention of experimental workers is being more 
and more centered on the organism itself and on its proper internal factors, 
controlling all the physico-chemical reactions occurring within it. Conse- 
quently not only phylogenetic variability (manifesting itself in different 
species, races, and varieties, in connection with ecological adaptation to 
environment) is now taken into account even in ordinary biochemical in- 
vestigations, but likewise individual variability, characterizing different 
stages of ontogenetic development. 

The influence of each separate external factor on one or another reaction 
in the organism is not now studied by means of its simple isolation, as was 
the method formerly, but on the background of different combinations of 
other factors. As a result there has been produced an essential modifica- 
tion in our notions of the cardinal points, minimum, optimum, and maxi- 
mum in physiological functions. They have ceased to be immovable points 
of a single curve ; they have become dynamic, as a reflection of the dynamism 
of the organism itself, of the change in state of the protoplasm. The earlier 
investigations on photosynthesis (Lubimenko, Kostychev, L. A. Ivanov, 
and their collaborators, Chesnokov and Bazybina) have now given along 
this new line of investigation and study most interesting results in the 
works of A. C. Danilov (the influence of light of different spectral compo- 
sition), V. A. Brillunt (the influence of the water content of leaf tissue), 
A. K. Toshchevikova and A. L. Kursanov (the influence of the accumula- 
tion of assimilants in the leaf). 

The same line of research is followed in the studies on frost resistance, 
heat resistance, drought resistance (N. A. Maximov, I. I. Tumanov, A. A. 
Richter, V. N. Lubimenko, and collaborators), on mineral nutrition (0. A. 
Walter, D. A. Sabinin and their collaborators), and on nitrogen nutrition 
(D. N. Prianishnikov and collaborators). 

The problems of growth and growth movements have shown, after the 
old works of Porodko, Neljubov, and Rothert, an exceptionally brilliant 
development in the works of N. G. Kholodny, who has together with Went 
created the hormone theory of growth. 

During the last ten years a special and most important place has been 
won by works on the physiology of development of the higher plants. 
Garner and Allard discovery of photoperiodism, and Lysenko discov- 
ery of the temperature yarovisation of seeds have served as a powerful 
impulse in directing research work along this path. 

The favorable results in agricultural practice of the method elaborated 
by Lysenko of the preliminary yarovisation of seeds have led to a wide 
development, in the greater part of the physiological laboratories of onr 
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Union, of research work on the physiology of growth and development of 
plants. Attempts are now already being made of synthesizing all of the 
accumulated data into a theory of development (the most important theory 
of development-stages of Lysenko, the hormone theory of Lubimenko, 
Kholodny, Chailakhian ) . Data have also been obtained for the practical 
application of photoperiodism in plant culture (the investigations of the 
laboratories of Lubimenko and Malchevski). An essential feature of the 
physiological research work of the present day is the choice of the problems 
studied. They all concern questions having the greatest practical signifi- 
cance for the agriculture and industry of the U.S.S.R. The necessity of such 
a choice of problems is the natural result of the necessity of replacing the 
empirics which formerly prevailed in industrial practice by methods scien- 
tifically elaborated and approved. 

It is of course self evident that such an organization of work does not in 
the least exclude investigations of the most profound theoretical questions, 
which are studied in the laboratories of our academies and universities. 

At the same time the socialistic structure of the whole economy of the 
U.S.S.R. guarantees a very speedy penetration into practice of valuable 
scientific attainments and discoveries. The following may be cited as an 
example : Lysenko began to apply his method of preliminary yarovisation 
of seeds to field cultures in 1931, and already millions of hectares are being 
sown with yarovized seeds. 

In conclusion I wish to emphasise that the high estimation of scientific 
research work, both by the Government and by society, create in the U.S.S.R. 
most favorable economic and moral conditions for scientific work and fully 
guarantee the development of science in general, and of plant’ physiology in 
particular. 

Botanical Garden 

Leningrad, U.S.S.R. 




ASSIMILATION OP AMMONIUM AND NITRATE NITROGEN FROM 
SOLUTION CULTURES BY ROOTS OP PANDANV8 VEITCHII 
HORT., AND DISTRIBUTION OP THE VARIOUS 
NITROGEN FRACTIONS AND SUGARS IN 
THE STELE AND CORTEX^ 

C. P. SiDBRis, B. H. Kraus s, and H. Y. Youngs 
(with eight figures) 

Introduction 

In the course of studies on the assimilation of ammonium and nitrate 
nitrogen by pineapple roots, to be presented in a future publication, it 
became necessary to follow the conversion of inorganic to organic nitrogen in 
small lineal regions of the roots and also in the cortex and stele of these 
regions. As the diameter of pineapple roots is very small and a separation 
of the tissues of the stele from those of the cortex presents great difficulties, 
roots of Pandanns vedchxi were employed. Shoots from plants grown on the 
campus of the University of Hawaii were placed in water cultures contain- 
ing respectively ammonium and nitrate salts as sources of nitrogen. 

The conversion of inorganic to organic nitrogen was followed in cortex 
and stele of different regions of the root either by analyzing such tissues or 
by analysis of the exudate which was collected in flasks under aseptic 
conditions from the excised end of a certain number of roots. 

Literature review 

This being the first of a series of papers to follow on the assimilation of 
ammonium and nitrate nitrogen by different plant tissues, the literature is 
reviewed rather broadly from the point of view of the entire subject rather 
than from that of the paper under immediate consideration. 

The literature on absorption and assimilation of ammonium salts as 
sources of nitrogen by different higher green plants has been presented by 
Parde (48) and in a more general manner by Molliard (36). However, for 
a better understanding of the role of ammonium nitrogen in absorption, as- 
similation, and translocation the reader is referred to certain original 
sources of information. Prianischnikow (84, 55, 56, 57) and Prianisch- 
NiKow and Iwanowa (68, 89), who for the last 25 yeai*s have studied the 
various phases of absorption and assimilation of NH 4 ‘^ and NO^“ at different 
stages of plant growth, conditions of carbohydrate reserves, pll values, and 

1 Presented at the June, 1935, meeting of the American Society of Plant Physiologists 
at St. Paul, Minn. 

2 The first of a series. Published with the approval of the Director as Technic^ 
Paper no. 95 of the Pineapple Experiment Station, University of Hawaii. 
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calcium concentrations, found :'(1) that NH4'^ is absorbed at comparatively 
greater rates at higher pH values than NOg- and vice versa*, (2) that the 
toxicity chaPacteristic of plants grown in containing cultures at low pH 
values is due to H*^ ions and not to and (3) that NOg~ ions are reduced 

first, in conformity with Warburg theory (80), to ammonia and then con- 
verted to amino acids or products of the type of R(NH2) (CONH2) (aspara- 
gine, glutamine). Prianischnikow’s findings have been verified and 
further extended by others with respect to nitrate reduction. 

Eokbrson (14) has followed the assimilation of NOg’ ions in different 
tissues of plants and her findings indicate a reduction of NOg* to NOg” and a 
further one to NH4+, which results are in harmony with Prianischnikow's 
theory. 

The process of NOg" reduction is not limited to few tissues or organs and 
may be found to operate in the roots, leaves, and possibly in the stem accord- 
ing to Thomas (69), Nightingale and Schermerhorn (45), Nightingale 
and Robbins (44), Davidson and Shive (12), Tiedjens and Blake (72), 
Holley, Dulin, and Pickett (20), Maskell and Mason (30), Woo (81), 
Leonard (25), and others. 

The relative amounts of NH4'^ and NO^” nitrogen absorbed from solution 
cultures at high and low pH values have been studied by Tsung-Le Loo 
(77), Eggleton (16), Lewis (26), Tiedjens (72), Tiedjens and Blake 
(73), Clark (8), Clark and Shive (9), Davidson and Shive (12), Stahl 
and Shive (^ 65), Pirschle (60, 61, 62), Naftel (39), Mevius (33), 
Mevius and Engel (34), Dikussar (13), Nightingale (41), Prianischni- 
Kow (66, 67), etc. Their results indicate that NH4^ ions are absorbed and 
assimilated at considerably greater rates than NOg" and that high pH values 
favor more the absorption of the former and low pH values that of the 
latter ions. 

The effects of different nutrient elements, temperature, light, and other 
climatic conditions on the absorption and assimilation of NH4+ and NOg" 
ions have been studied neither extensively nor very satisfactorily. From the 
available literature (6f 17, 18, 19, 22, 28, 30, 39, 41, 42, 43, 47, 49, 62, 71, 
74, 76) we learn that low temperature, small amounts of light, and exceed- 
ingly low concentrations of certain nutrient elements retard absorption and 
assimilation of nitrogen and other elements, and synthesis of proteins. 

Materials and methods 

Pandaims veitchii shoots weighing between 1 and 4 kilos and having 
from 2 to 8 aerial roots were employed for these studies. The roots, already 
formed on the ishoots and varying in length from 10 to 50 cm., and in diam- 
eter from 0.5 tb 2.5 cm., had not yet come in contact with soil nor had they 
produced any laterals, and from a functional point of view they were virgin 
as they bad never absorbed mineral substances from an external medium. 
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The tip and distal end, 10 to 15 cm. of each root, were submerged in tap 
water contained in individual 2-quart Mason jars until an extensive lateral 
root system was produced. The roots of all different containers were 
aerated. The time required for the production of an extensive lateral root 
system was about eight months. The lateral root systems of the different 
roots were classified into as uniform groups as possible and they were then 
subjected to various treatments. Certain of such roots were used exclu- 
sively for the study of the chemical composition of their exudates and 
others for that of their tissues. The roots of both groups were divided into 
smaller lots for different nutritional treatments. These included two types 
of complete nutrient solutions containing nitrogen from two different 
sources, that is, either ammonium or nitrate and a third solution which con- 
tained no nitrogen but that was otherwise complete. The chemical composi- 
tion of these solutions is reported in table I. 


TABLE I 

Chemical composition op nutrient solutions 


Salt 

Ammonium 

i 

Nitrate 

Minus- 

nitrogen 

Mol. conc. 

Mol. conc. 

Mol. conc. 

(NH.)=^0, 

0.0010 



(NH,).CO„ 

0.0010 



KH2PO4 

0.0005 

0.0005 

0.0005 

KSO, 

, 0.0010 

0.0010 

0.0010 

MgSO* 

0.0010 

0.0010 1 

0.0010 

CaClj 

0.0020 


0.0020 

Ca(NO,). 


0.0020 


F08O.* 

0.0001 

0.0001 

0.0001 

pH (about) 

6.8 

5.6 

5.4 


* A stock solution of FeS04 • THaO was prepared by dissolving 346 gm. of the salt in 
one liter of 0.1/N HaS04. It was kept in a dark bottle and used in the dilution indicated 
above. 


The roots of the plants in the exudate experiments were severed from 
the stem at the time they were placed in the different nutrient solutions. 
The cut-off end of the root was led, in all cases, into the mouth of a 125-cc. 
Erlenmeyer flask, containing 1 cc. of toluene, where it discharged the exu- 
date which was removed from the flask at 24-hour intervals. In cases in 
which roots were allowed to discharge for more than 48 hours, a portion of 
the cut-off end, about 0.5 to 1 cm. long, was removed to secure an unob- 
structed flow and prevent contamination of* the exudate with the by-products 
of dying tissues. The roots of the group for studies of the chemical compo- 
sition of the tissues included small lateral roots and the main root fractions 
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which were obtained by crosswise cutting into three parts, (1) the terminal, 
(2) the intermediate, and (3) the proximal fraction of the main roots. 
With the exception of the small lateral roots, the tissues of the stele were 
separated from those of the cortex. All the tissues were weighed before they 
were placed in individual containers and were analyzed separately. Three 
different samples were prepared for chemical analysis of each group of tis- 
sues: (1) for ammonia and organic nitrogen analysis; (2) for nitrate and 
sugars; and (3) for drying. In the sample for sugar analyses a small 
volume of (Na)2COa was added to prevent hydrolysis. 

The exudates were analyzed as rapidly as the volume necessary for 
analysis was collected. The tissues of the roots harvested for analysis were 
cut into small pieces and placed for 30 seconds in flasks containing a small 
volume of boiling water (for inactivation of enzymes). The containers were 
immediately cooled and 5 cc. of toluene added. All samples w^re analyzed 
within a period of 2 to 4 weeks. 

Preparation of samples 

The plant tissues were next strained through small pieces of cheesecloth. 
The collected liquid was returned to the flask while the solids were placed in 
a brass mortar and ground with quartz sand. The ground solids in a flne 
pulpy state were returned to the original flask containing the liquid. Meth- 
ods generally employed in biochemical analyses with recent modifications 
(29) and improvements have been adopted for ascertaining the chemical 
composition of the exudates and tissues. 

Analyses for ammonia and organic nitrogen 
Ammonia. — The entire volume of the ground tissues and liquid was placed 
in pyrex cylinders, 35.5 cm. long and 4.45 cm. in diameter, to which N/1 
NaOH was added to bring to pH 8 and then 5 to 10 cc. depending on the 
quantities of tissues, of a phosphate-borate buffer of pH 8 (61) was added. 
The battery of 12 cylinders was placed in a temperature bath, maintained at 
45° C. The contents of the cylinders were aspirated at 45° C. for 1 hour 
for small and for 3 hours for larger quantities. The ammonia of the tissues 
was collected in N/50 H2SO4 and was determined by Nesslerization or by 
titration, depending on the amounts present. 

Glutamine. — The ammonia-free residue was brought with H3PO4 to pH 
5 to 6. It was then boiled for 2 hours, evaporated to a smaller volume, cooled, 
brought with N/1 NaOH to pH 8 and aspirated at 70° C. The ammonia was 
then determined as already described. 

Separation of soluble from insoluble organic nitrogen 
The glutamine-free residue was cooled, acidified with acetic acid to pH 3, 
and toluene was added. It was allowed to stand in the refrigerator over- 
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night or at room temperature and then filtered. The residue on the filter 
paper (no. 42 Whatman) was repeatedly washed with boiling water contain- 
ing 0.5 per cent, acetic acid. The filtrate was very clear and apparently free 
from suspensions of proteinoid substances. The residue, containing the pro- 
teins of the tissues, was placed in a flask together with a definite volume of 
20 per cent. HCl and stoppered for later analysis. The filtrate containing 
different fractions of soluble organic nitrogen was then analyzed according 
to the following methods. 

Analysis op soluble nitrogen fractions 

Asparagine. — To the total volume of the filtrate, HgSO^ was added to 
make a 4 per cent, concentration. The mixture was heated, under a reflux 
condenser, for two hours, and sufficient NaOH was added to make it dis- 
tinctly but not excessively alkaline (pH 8 to 9) . The ammonia formed from 
asparagine was aspirated at 70® C. as in the method for ammonia. The 
amounts of amide nitrogen thus obtained were multiplied by 2 to include 
the amino nitrogen of asparagine. However, the amino nitrogen value was 
subtracted from the alpha-amino of mono-amino determinations. 

Alpha-amino nitrogen. — About 20 cc. of the asparagine-free residue 
was adjusted with HjS04 to pH 6 and was then evaporated on a water bath 
to a volume of 4 cc. Two cc. of the residue were employed for the deter- 
mination of alpha-amino nitrogen, using the method of Van Slyke (78). 
The modified reaction vessel of Koch (24) was employed and both tempera- 
ture and barometric pressure were recorded with each determination for 
calculating the weight of No gas. 

Mono-amino nitrogen. — In certain determinations instead of alpha- 
amino nitrogen mono-amino nitrogen is reported. This fraction was recov- 
ered in the filtrate from the residue of the asparagine determination after 
treatment with phosphotungstic acid. It is essentially composed in its major 
portion of mono-amino-carboxylic acids and -mono-amino-dicarboxylic acids, 
and it was obtained as follows: The asparagine-free residue was acidified 
with 30 cc. of concentrated H^S04, diluted to 300 cc. and then treated with 
10 cc. of 50 per cent, phosphotungstic acid depending on the volume of the 
residue and amounts of basic nitrogen contained therein. The mixture kept 
at about 4° C. for 40 hours was filtered through no. 42 Whatman filter paper 
applied to a Buchner funnel, which was fitted through a hole made in a can 
of greater diameter than the funnel and containing ice. The precipitate was 
washed repeatedly with acidified phosphotungstic acid at about 5® C. 

The filtrate was placed in a Kjeldahl flask where it was digested by 
adding 5 gm. of anhydrous sodium sulphate and 5 drops of selinium oxy- 
chloride. After cooling and the addition of 40 per cent. NaOH, the gen- 
erated ammonia was distilled in 0.05 N H2SO4. 
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Basic nitrogen . — This fraction' representing the quantities of nitrogen 
contained in such amino acids as arginine, histidine, lysine, and cystine is 
included in the phosphotungstic precipitate obtained during the separation 
of mono-amino nitrogen. The precipitate contains, possibly, smhll amounts 
of certain other nitrogenous fractions. The precipitate and filter paper were 
placed in a Kjeldahl flask where they were digested with a mixture of 25 cc. 
of concentrated sulphuric acid and otherwise treated as already indicated. 

Rest nitrogen. — In cases where the extract containing the soluble organic 
nitrogen was not hydrolyzed beyond the stage of the asparagine determina- 
tion the residue was employed directly for estimating alpha-amino and rest 
nitrogen. The alpha-amino was determined by the Van Slykb method as 
already stated. For the estimation of rest nitrogen the previously described 
Kjeldahl technique was followed on an aliquot of the residue. Prom the 
total value of the nitrogen thus obtained that of alpha-amino minus one-half 
of the asparagine nitrogen was subtracted. The difference represents rest 
nitrogen which has been possibly derived from some basic nitrogen and from 
other sources not well known. 

Analysis of insoluble organic nitrogen 

The residue or insoluble portion of the tissues, obtained after the removal 
of glutamine nitrogen, was refluxed, as stated under the heading ‘^separation 
of soluble from insoluble fractions of organic nitrogen,^’ with 20 per cent. 
HCl for 24 hours. The hydrolysate was neutralized and filtered. The in- 
soluble residue and filtrate were transferred to separate Kjeldahl flasks, the 
former containing the humin or melanin nitrogen and the latter different 
fractions of hydrolyzed protein. 

Humin nitrogen. — The total nitrogen content of the flask composed of 
the acid resistant particles of the tissues was determined by the Kjeldahl 
procedure already described. 

Amide nitrogen. — The filtrate or hydrolysate obtained after the digestion 
of the dissolved portions of the tissues with 20 per cent. HCl was made 
slightly alkaline with NaOH, then aspirated, and the ammonium estimated 
as in the glutamine determination. 

Mono-amino and basic nitrogen. — The amide-free residue was neutral- 
ized, acidified with 20 cc. of concentrated 11^804, treated with 10 cc. of 50 
per cent, phosphotungstic acid, and kept at 4® C. for 40 hours. The deter- 
mination of the mono-amino nitrogen and basic nitrogen was then made in 
the same way as already described. 

Analyses for nitrate nitrogen and sugars 

Nitrate nitrogen. — This fraction was determined on an aliquot of the 
sample employed for sugar analysis, using the phenol disulphonic method ( 2 ) . 
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This method was compared with that of Pucheb, Leavenworth, and Vickery 
(60) and that of Treschow and Gabrielsen (76) and was found very satis- 
factory for the plant material concerned. The tissues were extracted re- 
peatedly with water until the final weight was 10 times greater than the 
initial weight of the tissues. An aliquot of the extract was cleared with lead 
acetate and the filtrate from the precipitation was deleaded with NajHPO^, 
and filtered. An aliquot of the filtrate was evaporated over a water bath to 
dryness, then treated with phenoldisulphonic acid, water, and ammonium 
hydroxide (2). With samples containing certain pigments interfering with 
the accuracy of the colorimetric determination a small amount of norite was 
added. After 2 to 4 hours the mixture was filtered and the residue in the 
filter was washed repeatedly. 

Sugars. — The extracts employed for sugar analysis were cleared as stated 
above and the method of Bertrand as presented by Kebtbsz (23) was used 
for the determination of reducing and total sugars. Sucrose was hydrolyzed 
with invertase. 

Experimental results 

The experimental results are presented in two sections: (1) the chemical 
composition of the root exudates, and (2) the chemical composition of the 
root tissues. 


Chemical composition op root exudates 
The data from many experiments summarized in table II show that the 


TABLE II 

Distribution op different nitrogenous fractions in the exudate from roots of 

TAKDANV8 VEITCHII GROWN IN SOLUTION CULTURES WITH EITHER AMMONIUM 
OR NITRATE SALTS OR IN THE TOTAL ABSENCE OF AN EXTERNAL 
SUPPLY OP NITROGEN 


Nitrogenous 

FRACTIONS 

Nutrient solutions 

Ammonia 

Nitrate 

Minus- 

nitrogen 

Inorganic 

Ammonium 

0.013 

0.002- 

0.003 

Nitrate 

0.000 

0.030 

0.000 

Soluble organic 

Glutamine 

0.008 

0.003 

0.002 

Asparagine 

0.016 

0.016 

0.006 

Mono-amino 

0.162 

0.135 

0.063 

Basic 

0.077 

0.048 

0.038 

a*amino 

0,212 

0.171 


Total organic 

0.255 

0.194 

0.109 
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exudates of the roots grown with ammonium nutrition contained consider- 
ably greater quantities of total nitrogen than those grown in the nitrate or 
minus-nitrogen cultures. They also show that the roots of the nitrate series 
contained more total nitrogen than those which lacked an external nitrogen 
supply. The presence of organic nitrogen in the exudates of the roots grown 
in the minus-nitrogen solutions is exceedingly interesting because it indicates 
that translocatory nitrogen, derived by hydrolysis of reserve proteins, may 
be present in fair quantities in the sap of plants grown in minus-nitrogen 
cultures. Of the different fractions of organic nitrogen alpha-amino nitrogen 
is the greatest. As it is included mostly in the fractions indicated as mono- 
amino and basic nitrogen the difference between the value of the sum of the 
latter two fractions and that of the former is small indicating that other 
nitrogenous fractions are present in extremely small quantities. Amide 
either as glutamine or asparagine occurs in small amounts. Occasianal ex- 
ceptions may be found, as in table III, where this fraction is relatively high. 

TABLE III 

Distribution or different nitrogenous fractions in exudate from roots of 

JPAUDAma VEITCHII GROWN IN SOLUTION CULTURES WITH EITHER AMMO- 
NIUM OR NITRATE NITROGEN OR IN THE TOTAL ABSENCE OF 
AN EXTERNAL SUPPLY OF NITROGEN 


Nitrogenous 

FRACTIONS 

! 

Nutrient solutions 

Ammonia 

Nitrate 

Minus- 

nitrogen 

j 

Inorganic 

Ammonia 

0.005 1 

0.007 

0.005 

Nitrate 

0.000 

0.135 

0.000 

Soluble organic 
Amide 

0.200 

0.055 

0.017 

Amino 

0.490 

0.163 

0.045 

Total organic 

0.690 

0.218 

0.062 


Some of the conditions which favor the formation of great quantities of amide 
nitrogen wiU be mentioned in the discussion. 

Ammonium occurs in very small amounts in the exudate regardless of 
the kind of nitrogenous salts employed in the nutrient solution because of 
the great rate of assimilation of this fraction of nitrogen by the root tissues 
(9, 64, 66, 72, 73). The presence of ammonium, in traces, in the exudate of 
roots grown in nitrate-containing or minus-nitrogen cultures is due possibly 
in large part to hydrolyzed proteins. That nitrate might have been reduced 
to ammonium in the nitrate cultures is also probable. The quantities of am- 
monium in the nitrate-supplied plants, however, are small and of the 
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same magnitude as those found in the minus-nitrogen cultures, but, keeping 
in mind the great rate at which ammonium is assimilated, its presence in 
more than traces would scarcely be anticipated in either case (9, 64, 66, 
72,73). 

Nitrate may be found in small or large quantities in the exudate of roots 
owing respectively to an increased or decreased rate of assimilation of this 
fraction. In tables II and III and figures 2 and 3 it is shown that there 
was found from 30 to 135 mg. of nitrate nitrogen per liter of exudate. The 
variations are possibly due to differences in the physiological conditions of 
the root cells which may favor the reduction and assimilation of nitrates 
more at certain times than at others. Similar observations have been made 
in other plants (16, 70). 

A point which deserves further emphasis in these studies is the alpha- 
amino nitrogen which, in nearly all cases, is between 70 and 90 per cent, of 
the total soluble organic nitrogen in the exudate. No protein either coagu- 



PiQ. 1. Pandanus vettchii shoot with roots of different lengths and diameters but 
without rootlets which are only produced when the tip is either placed in a nutrient solution 
or enters the soil. 
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lable by heat or filterable could be found in the exudate in more than mere 
traces. 

Chemical composition of root tissues 

Distribution of nitrogenous fractions in the tissues of roots grown 
IN AMMONIUM OR NITRATE CULTURES. — The roots grown in the different cul- 
tures were cut, as stated previously, into different parts separating the lateral 
and terminal rootlets from the main root tissues. Also the tissues of the 
terminal fraction of the main root were separated from those of the inter- 
mediate and proximal region as illustrated in figure 1. The basal tissues of 



Fig. 2. Distribution of different fractions of inorganic and soluble organic nitrogen 
in the root exudates of P. veifchii grown in ammonium’, nitrate- or minus-nitrogen-solution 
cultures. 

the roots, i.e., those in close proximity to the stem, were not used. A com- 
parative examination of the data in table IV and in figures 4, 5, and 6, with 
respect to the distribution of the different nitrogenous fractions in the stele 
and cortex of various regions of the root, discloses the following facts : 

Distribution in the rootlets as contrasted in figure 4. — 1. The 
amounts of nitrate in the rootlets of the nitrate-supplied plants were con- 
siderably highep than the ammonium nitrogen in the rootlets of the am- 
monium series, ^hese findings are indicative of a lower rate of assimilation 
of nitrate as compared to ammonium in the rootlet tissues of Pandanus 
veifchii . " 
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2. The glutamine in the rootlets of the ammonium cultures is consider- 
ably greater than in those of the nitrate group, indicating a greater rate of 
glutamine synthesis from ammonium than from nitrate ions. 

3. The amounts of asparagine are about the same in the rootlets of both 
ammonium and nitrate, cultures. 

4. The quantities of soluble mono-amino nitrogen are greater in the root- 
lets of the plants grown in ammonium than in those receiving nitrate, while 
soluble basic nitrogen is of about the same magnitude in both cases. 



Fig. 3. Distribution of different fractions of inorganic and soluble organic nitrogen 
in the root exudates of P. veitchii grown in ammonium-, nitrate- or minus-nitrogen-solution 
cultures. 

5. The nitrogenous fractions of insoluble nitrogen, with the exception of 
mono-amino nitrogen, are about the same in the rootlets of the plants of both 
ammonium and nitrate cultures. 

Distribution in the terminal tissues op the main root as contrasted 
IN FIGURE 5. — 1. As in the rootlets nitrate is considerably higher in the 
terminal tissue of the main root of the nitrate-supplied plants than is am- 
monium in comparable tissues of ammonium-grown plants. Nitrate is pres- 
ent only in the roots grown in nitrate cultures, whereas ammonium nitrogen 
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TABLE IV 

HiSTEIBUTION of DIFFEBENT NITEOGENOUS FRACTIONS AS MG. NITROGEN PER GRAM FRESH 
WEIGHT IN VARIOUS ROOT TISSUES OF PaNDANUS VBITCHIl GROWN IN NUTRIENT 
SOLUTIONS AND CONTAINING EITHER AMMONIUM OB NITRATE 
SADI'S AS SOURCES OF NITROGEN 


Nutrient 

Nitrogenous 

Main root tissues 

Rootlet 

1 Proximal I 

Intermediate I 

Terminal 1 


SOLUTION 

FRACTIONS 






- 

Tissues 



Cortex 

Stele 

i Cortex 

1 

Stele 

Cortex 

Stele 



mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 


Inorganic 









Ammonium 

0.005 

0.006 

0.004 

0.015 

0.008 

0.019 

0.038 


Nitrate 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 


Soluble 









organic 









Glutamine 

0.004 

0.009 

0.008 

0.020 

0.027 

0.045 

0.038 

Ammo- 

Asparagine 

0.090 

0.123 

0.068 

0.133 

0.138 

0.164 

0.127 

nium-N 

Mono-amino 

0.436 

0.365 

0.517 

0.667 

0.576 

0.929 

0.770 


Basic 

0.231 

0.272 

0.313 

0.540 

0.332 

0.696 

0.345 


Insoluble 






i 



organic 

Amide 

0.024 

0.048 

0.057 

0.094 

0.036 

1 

t 0.116 

0.035 


Mono-amino 

0.149 

0.141 

0.113 

0.222 

0.128 

! 0.228 

0.132 


Basic 

0.096 

0.101 

0.120 

0.223 

0.075 

0.324 

0.062 


Humin 

0.201 

0.236 

0.201 

0.286 

0.166 

0.353 

0.156 


Inorganic 









Ammonium 

0.004 

0.010 



0.008 

0.025 

0.006 


Nitrate 

0.018 

0.095 



0.050 

0.100 

0.180 


Soluble 









organic 

Glutamine 

0.008 

0.017 



0.013 

0.013 

0.002 


Asparagine 

0.050 

0.182 



0.145 

0.352 

0.124 

Nitrate-N 

Mono-amino 

0.541 

0.652 



0.586 

0.863 

0.667 


Basic 

0.298 

0.420 , 



0.289 

0.555 

0.340 


Insoluble 









organic 

Amide 

0.033 

0.135 



0.100 

0.296 

0.031 


Mono-amino 

0.050 

A174 



0.125 

0.385 

0.053 


Basic 

0.047 i 

*0.178 



0.090 

0.462 

0.063 


Humin 

0.115 

0.239 



0.290 

0.481 

0.151 


occurs in the roots grown in cultures containing either ammonium or nitrate. 
The quantities of ammonium found under both conditions, however, are 
comparatively small apparently owing to rapid assimilation of ammonium. 
The quantities of nitrate in the tissues of the stele are greater than in those 
of the cortex, possibly, because the vessels of upward conduction are mostly 
located in the former tissues (11, 32). 

2. Glutamine^ is more prevalent in the stele than in the cortex. The 
quantities found are greater in the roots grown in ammonium than in nitrate 
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Fig. 4. Distribution of different fractions of inorganic, soluble organic, and insoluble 
organic nitrogen in the rootlet tissues of plants grown in ammonium- or nitrate-solution 
cultures. 



Fig. 5. Distribution of different fractions of inorganic, soluble organic, and insoluble 


organic nitrogen in the cortex and stele tissues of the terminal section of the main root of 


P. veitchiu 
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cultures, which condition is associated with a greater rate of ammonium 
than of nitrate assimilation and also with conditions peculiar to ammonium 
metabolism which favor the synthesis of great amounts of glutamine as 
observed by Chibnall and Westall (7) and Vickery, Pucher, and Clark 
(79). 

3. Asparagine is distinctly more abundant in the stele than in the cortex. 
Differences between the amounts of asparagine of the roots of ammonium- 
and nitrate-grown plants are relatively great, indicating a greater rate of 
synthesis of asparagine from nitrate than from ammonium. 



Fig. 6. Distribution of different fractions of inorganic, soluble organic, and insoluble 
organic nitrogen in the cortex and stele tissues of the intermediate section of the main 
root of P. vettohit, 

4. The amounts of mono-amino and basic soluble nitrogen are consider- 
ably greater in the stele than in the cortex. Also, the amounts of both frac- 
tions contained in the roots of plants grown in ammonium are considerably 
greater than those of plants supplied with nitrate. 

5. The various fractions of insoluble nitrogen are higher in the stele than 
in the cortex. With one minor exception, the amounts of all the fractions 
of insoluble nitrogen of the roots grown in nitrate are higher than those of 
the roots furnished with ammonium, indicating that more protein nitrogen 
accumulp,tes in the roots of nitrate than in those of ammonium-supplied 
plants. 

Distribution in the intermediate region of the main root as con- 
trasted IN FIGURE 6, — ^Analytical values of the intermediate tissues of the 
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main root are only available for the roots grown in ammonium cultures. 
These values, contrasted with those of figure 5, show a gradual decrease in 
the quantities of most nitrogenous fractions possibly owing to greater 
amounts of cellulosic material, vacuolation, and other such features associ- 
ated with maturation. 

The proximal tissues of the main root of the plants grown in nitrate cul- 
tures compare more in age and in general development with the intermediate 
than with the proximal tissues of the plants receiving ammonium. In com- 
parative observations this point should be taken into consideration. 

1. Ammonium in the tissues of roots of plants grown either in ammo- 
nium or in nitrate cultures is very low while nitrate in the root tissues of the 
latter cultures is relatively abundant. 

2. Glutamine is very low in the root tissues of both lots of plants. 

3. Asparagine is relatively abundant in the roots of plants of both 
ammonium and nitrate cultures. Certain differences in the content of 
asparagine in the proximal and intermediate tissues of the cortex cannot be 
explained satisfactorily. 

4. Soluble mono-amino and basic nitrogen values in the tissues of the 
stele of nitrate-grown plants are lower with respect to the intermediate 
region of the main root, but higher with respect to the proximal fraction of 
plants grown in ammonium cultures. Certain variations in the mono-amino 
nitrogen content of the stele and cortical tissues cannot be explained. 

5. The distribution of the different fractions of insoluble nitrogen in the 
intermediate region of the roots of the two different cultures show’s many 
fluctuations. Comparing the cortex of either the proximal or intermediate 
portions of the roots grow’n in ammonium cultures with those of the nitrate 
series, with the exception of amide, the quantities of all the other fractions 
of insoluble nitrogen are higher in the roots of the former than in those of 
the latter series. The amounts of different fractions of insoluble nitrogen 
in the stele of both lots are greater than in those of the cortex. Also the 
proximal portion of the roots of the plants grown in ammonium cultures 
contain, with one exception, slightly smaller amounts of insoluble nitrogen 
than the intermediate region. 

Distribution of sugars. — The distribution of sugars in the stele and 
cortex of different parts of the root, as presented in table V and figure 7, 
show’s that : 

1. In the main root total sugars occur in greater amounts in the stele 
than in the cortex. In the rootlets only very small quantities are found. 

2. Reducing sugars occur in both stele and cortex. Their quantities in 
the stele increase, with minor exceptions, from the proximal towards the 
terminal portion of the main root, indicating that there is an accumulation 
of these sugars at the distal end of the main root possibly owing to a de- 



914 


PLANT PHYSIOLOGY 


TABLE V 

PiSTBIBUTION OF DIFFERENT SUGARS AS PERCENTAGE OF FRESH WEIGHT IN VARIOUS ROOT 
TISSUES OF PaNDANVB VBJTCHII GROWN IN NUTRIENT SOLUTIONS AND CONTAINING 
EITHER AMMONIUM OR NITRATE SALTS AS SOURCES OF NITROGEN 


Nutrient 

SOLUTION 

Sugar 

FRACTIONS 

Main root tissues 

Eootlet 

Proximal 

1 Intermediate 

Terminal 

Tissue 


Cortex 

Stele 

Cortex 

Stele 

Cortex 

Stele 

Ammonium 

Total 

1.20 

2.60 

0.48 

1.88 

0.52 

2.35 

0.02 

Beducing 

1.10 

0.69 

0.48 

0.96 

0.52 

2.11 

0.02 

nitrogen 

Sucrose ... 

0.10 

1.91 

0.00 

0.92 

0.00 

0.24 

0.00 


Total 

0.90 

3.31 



0.35 

1.64 

0.04 

Nitrate 

Eeducing 

0.90 

1.10 



0.35 

1.06 

0.04 

nitrogen 

Sucrose .. 

0.00 

2.21 




0.00 

•0.58 

0.00 


creased rate of translocation to the rootlets. With respect to the location 
in the cortex the quantities of reducing sugars increase from the terminal 
to the basal end of the main root. A comparison of the distribution of re- 



§ 




Pig. 7. Distribution of reducing sugars and sucrose in the rootlets and cortex and 
stele tissues of the terminal, intermediate, and proximal sections of the main root of 
P. veitehU grown in §||{lit!uonium- or nitrate-solution cultures. 
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ducing sugars in the stele and cortex shows that within the same fraction of 
the root there is an indirect proportionality, in that the amounts of reducing 
sugars in the stele are high and those in the cortex are low. The rootlets 
contain only traces of these sugars. 

3. Sucrose is limited almost exclusively to the stele, the cortex containing 
only traces or none. The quantities of sucrose in the stele increase from 
the terminal towards the basal end of the main root, apparently indicating 
that the conversion of reducing sugars to sucrose is a highly specialized func- 
tion of the stele and that with a further upward movement of the reducing 
sugars into the stele their conversion into sucrose is more complete. 

Nitrogen and sugar distribution gradients. — In the three fractions of 
the main root the quantities of sugars are comparatively enormous as com- 
pared to those in the lateral rootlets. The exceedingly small amounts found 
in the rootlets may be attributed either to a rapid utilization or to a de- 
creased rate of transport from the main root. The amounts of soluble 
organic nitrogen are almost as great in the rootlets as in the main root, 
although they should seemingly have been higher owing to their closer con- 
tact with the source of inorganic nitrogen. The amounts of insoluble nitro- 
gen of the rootlets are also considerably smaller than those of the main root 
tissues, which should have been greater in the former than in the latter on 
the basis of cellular senility and vacuolation. Adequate reasons to explain 
all these differences cannot be offered without additional information. It is 
possible, however, to explain certain of the differences on the basis of ana- 
tomical variations between the tissues of the main root and those of the root- 
lets. The ratio of the area or volume of stele to cortical tissues in different 
fractions of main roots varying in diameter between 10 and 35 mm. ranges 
from 0.425 to 3 whereas in those rootlets varying in diameter from 2.5 and 
10 mm. the range is from 0.114 to 0.425. A more comprehensive idea of the 

TABLE VI 

Area in square millimeters and percentage of stele and cortex tissues in cross 

SECTIONS OF ROOTS OF DIFFERENT DIAMETERS 


Boot cross section 

Stele 

Cortex 

Diameter 

Area 

Area 

1 Percentage 

OF TISSUE 

Area 

Percentage 
of tissue 

mm . 

mm .^ 

mm ,^ 

% 

mm ? 

% 

37.0 

1076.0 

858.0 

79.6 

218.0 

20.4 

13.0 

133.0 

50.0 

37.5 

83.0 

62.5 

8.0 

50.0 

12.5 

25.0 

37.5 

75,0 

5.0 

19.7 

3.2 

15.8 

16.5 

84.2 

2.5 

4.9 

0.5 

10.0 

4.4 

90.0 
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area occupied by stele and cortical tissues in a cross section of roots of differ- 
ent diameters may be obtained from table VI, where such areas are recorded 
in square millimeters, and also from figure 8 where the areas occupied have 
been plotted on a percentage basis. 

Our detailed analytical data of the stele and cortical tissues of the main 
root indicate, with a few minor exceptions, that the amounts of nearly all 
fractions of nitrogen in the stele are considerably higher than in the cortex. 
One may conclude, on the basis of the analytical and anatomical data, that 
the relatively low values of the different fractions of nitrogen in the rootlets 
are due, in a great measure, to a predominance of cortex over stele. With 



Fig. 8. Distribution in percentage of the area of cortex and stele tissues in the roots 
of P. veitchii varying in total diameter. 

respect to the distribution of sugars in the tissues of the rootlets very little 
can be said because in the compound samples of both stele and cortex these 
substances were found only in traces. 

There are decided gradients of both nitrogen and sugars between the 
distal and proximal regions of the main root. The quantities of inorganic 
and soluble organic nitrogen and proteins are greater in the terminal than 
in the intermediate icaetions of the root. The amounts of reducing sugars 
are bigb in the intermediate and low in the terminal tissues of the cortex of 
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the main root, but these values are reversed in the stele of the same regions 
because of the conversion of reducing sugars to sucrose. 

Discussion 

Ammonium assimilation by the roots of Pandanus veitchii is very rapid 
if not instantaneous. Very small quantities of ammonium are nearly always 
present in the tissues and probably result in most cases from hydrolyzed 
proteins. At least it is present in comparable concentration even though 
there is no external nitrogen supply available (figs. 2, 3). The evidence 
that ammonium is assimilated instantaneously can be best obtained from 
root exudates, as the tracheal sap under such conditions contains very little 
if any proteins or materials of injured or crushed cells which may serve as 
sources of ammonium from hydrolyzed proteins. 

The immediate stable products of ammonium assimilation, which are 
found in appreciable amounts in the tissues, are amino acids, glutamine, and 
asparagine. The various biochemical reactions which have preceded the 
synthesis of these compounds are unknown. Glutamine has been found by 
Chibnall and Westall (7), Vickery, Pucher, and Clark (79) to be pro- 
duced in great amounts in plant tissues after ammonium assimilation. In 
the present case the amounts of glutamine obtained in the exudate and in 
the tissues of the roots were relatively small indicating that either the con- 
centrations of ammonium supplied in the nutrient solution were compara- 
tively low or that the metabolic mechanism of Pandanus veitchii is such as 
to produce more amino instead of amide nitrogen from ammonium, a condi- 
tion observed by Schwab (63) in many plants. 

Nitrate is not assimilated as readily as ammonium by the root tissues of 
Pandanus veitchii as comparatively great amounts pass through the tissues 
entirely unaltered and are found in the exudate. The relatively slower rate 
of nitrate assimilation, as compared with that of ammonium, may be due to 
the various intermediary but highly necessary reduction reactions preceding 
assimilation, the velocity of which varies considerably in diiferent species 
and under diiferent conditions. With certain plants nitrate may be assimi- 
lated, under highly favorable conditions, entirely in the roots whereas with 
other plants nitrate assimilation may be conducted mostly in the leaves (20, 
^35) . With respect to Pandanus veitchii, where oxygen supply (due to aera- 
tion) and carbohydrates were plentiful, the decreased rate of assimilation 
may be attributed to some inherent causes or to factors of which we have 
very little comprehension. Experimental results (unpublished) indicating 
a very low rate of nitrate assimilation by pineapple roots and a higher one 
by the leaves of the same plant have been obtained by the writers. Woo 
(813, as 'v^ell as others, has obtained similar evidence for other plants. 
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The amounts of asparagine formed during the assimilation of nitrate, 
particularly in the tissues of the stele, are considerably greater than those 
obtained during ammonium assimilation. Whether the oxygen atoms in the 
nitrate molecule are responsible for the formation of greater amounts of 
asparagine or not, remains to be shown by additional experimentation. 

Ammonium more than nitrate, owing to its greater degree of assimila- 
bility (7, 9, 13, 26, 64, 65), produces larger quantities of such fractions of 
soluble organic nitrogen as mono-amino and basic nitrogen at the terminal 
region of the main root. The quantities of similar fractions of soluble 
organic nitrogen appear to increase more in the intermediate tissues of the 
main root of plants grown in nitrate than in the comparable region of those 
grown in ammonium cultures. This condition may be due to the gradual 
assimilation of greater amounts of nitrate toward the proximal end of the 
root where sucrose is more plentiful. 

The diiferent fractions of protein or insoluble nitrogen are greater in the 
roots grown in nitrate than in ammonium cultures. However, no explana- 
tion thoroughly satisfactory and unbiased can be offered of this phenomenon. 
The writers’ tentative opinion is that plants grown in nitrate maintain, even 
under optimal conditions, a relatively low rate of amino acid synthesis. 
Carbohydrates (and possibly other substances, whatever these may be) 
essential for protein synthesis are therefore available in sufficient amounts, 
and proteins are produced regularly and without interruption at all times. 
But with plants grown in ammonium, under favorable conditions, there is a 
high rate of organic nitrogen synthesis. In consequence, carbohydrates 
(and possibly other substances, whatever they may be) essential for protein 
synthesis are depleted very rapidly in the formation of amino acids. In the 
absence of these substances the rate of synthesis of proteins decreases and 
the more readily formed products of soluble organic nitrogen accumulate 
in the tissues in great amounts. This suggestion does not mean that the 
synthesis of proteins from nitrates is direct nor does it contradict a long 
accepted theory (27) that proteins are formed from amino acid or amide 
nitrogen. Barton-Wriqht and McBain (6) have observed a somewhat 
similar condition in the potato and advanced the theory that protein nitro- 
gen is formed from nitrate nitrogen by the direct conversion of the latter 
first into proteose nitrogen and then into protein. Dikussar (13), in his 
studies on the assimilation of nitrite nitrogen by higher plants, has pre- 
sented evidence in which he compares values of absorbed nitrogen from 
nutrient solution containing nitrite, nitrate, or ammonium, showing that 
with small amounts of ammonium, nitrate, or nitrite in the culture solution 
very high yields of protein nitrogen in plant tissues can be obtained. With 
great amounts of ammonium, nitrate, or nitrite in the culture solution the 
amounts of soluble organic nitrogen in the tissues, compared on a percent- 
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age basis, increase at a greater rate than those of protein nitrogen. Certain 
of his values are reproduced in table VII to illustrate this condition. 

TABLE VII 

Total nitbooen and peecbntagk or peotbin and soluble oeoanic niteooen op plant 

TISSUES ABSOBBED FBOU NITBITE, NITEATE, OE AMMONIUM SOLUTION 
CULTUEBS CONTAINING DITPEEENT AMOUNTS OP NITEOOEN. 

(From Dieussae’s table III) 


Nitrogen 

IN 

Nitrite 

Nitrate 

Ammonium 

NUTRIENT 

Tn^PATi 

Pro- 

SOLU- 

Total 

Pro- 

SOLU- 

Total 

Pro- 

SOLU- 

SOLUTIONS 


tein 

RLE 


TEIN 

RLE 


TEIN 

RUE 

mq./l 

gm. 

% 

% 

gw. 

% 

% 

gm. 

% 

% 

60 

0.438 

52.0 

48.0 

0.306 

60.8 

39.2 




40 

0.396 

57.0 

43.0 




0.546 

44.3 

55.7 

20 i 

0.247 

72.8 

27.2 

0.227 

66.5 

33.5 

1 



10 

0.291 

75.9 

24.1 

0.286 

74.4 

25.6 




5 

0.286 

74.4 

25.6 




0.283 

76.7 

23.3 


The experimental values of Dikussar are in harmony with our tentative 
hypothesis that the degree of assimilability and quantities of inorganic 
nitrogen coupled with the amounts of other substances essential for amino 
aeid and protein synthesis are factors responsible for the great differences 
found in the ratio values of protein : soluble organic nitrogen of plants 
grown respectively in nitrate and ammonium solution cultures. 

With respect to substances necessary for protein synthesis the literature 
points out quite decidedly that an abundance of readily available carbohy- 
drates is highly essential. Suzuki (66, 67, 68) and Muenscher (37) have 
clearly demonstrated that in the presence of carbohydrates and inorganic 
nitrogen chlorophyllous plants are able to synthesize soluble organic and 
protein nitrogen. That besides leaves other plant organs such as roots are 
able to synthesize proteins either in the presence or absence of light has been 
demonstrated by MiiLLER-THUROAU (38), Iwanopf (21), and Bambacioni 
(3) . Iwanopf, working with the roots of Brassica napus, Daucus carota, and 
Solanum tuherosum, observed that for the synthesis of protein in the absence 
of light his plants required a small amount of protein and a great supply of 
both amides and readily assimilable carbohydrates. Bambacioni on the 
basis of analysis of two sets of plants of Vicia faha, Bicinus contniuttis, and 
Cucurhita pepo, one grown in plus-nitrogen and the other in minus-nitrogen 
solution cultures, concluded that all parts of the plant, and particularly the 
roots, are capable of synthesizing proteins. That carbohydrates are highly 
ftgB ATiti el for protein regeneration in newly forming tissues of plants de- 
prived of nitrogen and obtaining their nitrogen supply from the hydrolyzed 
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proteins of old tissues has been well demonstrated by Prianischnikow (63) • 
There is also undisputable evidence (46| 63) that proteins stored in plant 
tissues undergo hydrolysis at a much greater rate in the absence than in the 
presence of carbohydrates. 

Yet there are certain cases known where besides carbohydrates certain 
other factors, of which our knowledge is limited, influence the rate of pro- 
tein synthesis. Loose and Pearsall (28) claim, from certain experimental 
evidence they have obtained on Chlorella, that the velocity of protein syn- 
thesis is five times greater in the light than in darkness though the final 
equilibrium is similar in both eases if sufficient carbohydrates are available. 
It is rather unfortunate that these investigators have not reported in their 
results the amounts of readily assimilable carbohydrate in the tissues of their 
plants or those in the nutrient solution at the end of the experiment to show 
additional relationships between carbohydrates and protein synthesis. 

Other conditions, and particularly deficiencies of certain mineral ele- 
ments, although acting indirectly, are capable of reducing the rate of pro- 
tein synthesis. The work of Nightingale, Schermerhorn, and Robbins 
(47), Hartt (17), Richards and Templeman (62) with potassium-deficient 
plants shows quite conclusively that protein synthesis is retarded in insuffi- 
cient amounts of potassium. Similar effects have also been reported in 
plants grown in nutrient solutions deficient in certain other elements besides 
potassium. The direct effects of available carbohydrates in protein syn- 
thesis are well appreciated and easily understood, while the indirect effects 
of other factors, such as we obtain in mineral deficiencies, complicate this 
problem' to a certain extent. 

The results obtained on the distribution of reducing sugars and sucrose 
in the tissues of the stele and cortex are very interesting. The more or less 
complete absence of sucrose, and the singular presence of reducing sugars in 
the tissues of the cortex are indicative of sucrose being a storage and not a 
transport sugar. Moreover, the inverse proportionality which exists between 
the quantities of sucrose and reducing sugars in the stele and the greater 
amounts of sucrose in the proximal than in the terminal tissues indicate that 
reducing sugars enter the distal portion of the stele through the terminal 
tissues of the cortex of the main root where they are gradually converted 
into sucrose. The amounts of sucrose in the proximal region of the stele are 
higher while thdse af reducing sugars are lower, showing that the accumula- 
tion of sucrose iinipiore mature cells is greater and the conversion of reduc- 
ing sugars to sucrose more complete. The findings of Colin (10) on the 
formation and distribution of sucrose in the sugar beet indicate that, al- 
though sucirose is formed in the leaves in sunlight, it is converted into reduc- 
ing sugar% during transportation into the root and there transformed again 
into sucrose. The experimental evidence of CouN shows’ that the quantities 
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of sucrose diminish from leaves to stem. With respect to the migration of 
sucrose from the root towards the aerial parts, in two-year-old plants, Colin 
states that sucrose leaves the tissues of the root as sucrose but as it ap- 
proaches the aerial organs it is converted gradually into reducing sugars. 

Barton-Wright and McBain ( 4 ) have observed sucrose accumulation 
in the laminae of diseased crinkle plants, while hexose was abundant in the 
healthy and starch had fallen to low values in both diseased and healthy 
plants. Their interpretation of these results, with respect to healthy leaves, 
is that hexoses are the ultimate products of mostly sucrose and of very little 
starch hydrolysis and that sucrose is transported out of the leaves to the 
tubers; whereas with diseased plants sucrose formation is taking place 
directly and mostly from starch and only to a very small extent from 
hexose, but that sucrose is the sugar of transport in both cases. Our data 
do not agree very well with the interpretations of Barton-Wright and Mc- 
Bain unless we assume an upward transport of sucrose through the tissues 
of the stele in a manner analogous to that described by Mason, Maskell, 
and Phyllis (32) with respect to stored nitrogen in which case they state 
as follows: . the upward movement of stored nitrogen may be an ex- 

ample of upward movement via the phloem in opposition to the downward 
movement of carbohydrates, but that until more is known as to the condi- 
tions determining liberation of stored nitrogen into the tracheae the alter- 
native of upward movement entirely via the xylem cannot be excluded. In 
a preceding paper Mason and Maskell (31) state that . when wood 
and bark are separated movement of sugar takes place through the bark at 
nearly the normal rate and that the downward transport of carbohydrates 
occurs in the bark.^’ Our data in table JI support the claims of Curtis 
(11) and of Mason, Maskell, and Phyllis (32) that there is an upward 
movement of stored nitrogen through the wood tissues and that reducing 
sugars are transported through the tissues of the bark as indicated in 
table V. 

The prominent position which sucrose occupies in the stele and its com- 
plete absence in the cortex cannot be overlooked. If there is any transport 
of sucrose at all it will be in an upward direction through the tissues of the 
stele and probably in the manner indicated by Colin (10) . The tissues of the 
stele are, from the point of view of sucrose deposition, comparable to the 
root tissues of the sugar beet as presented by Colin. In the absence of more 
information on the nature of transport of sucrose we postpone any further 
discussion until additional experimental evidence is obtained. 

Summary 

A series of experiments was undertaken in order to obtain information 
on the absorption and assimilation of ammonium and nitrate nitrogen by 
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analyzing the exudate and the stele and cortex of different fractions of the ex- 
cised roots of Pandanus veitchii grown in ammonium, nitrate, and minus- 
nitrogen solution cultures respectively. The root tissues, but not the exu- 
date, were also analyzed for reducing sugars and sucrose. The results were 
as follows : 

1. Ammonium is assimilated instantaneously and at a high rate as it 
enters the root, where it is converted either into amide or amino nitrogen or 
more gradually into protein. 

2. Nitrate is not assimilated as rapidly as ammonium and the amounts 
of the various fractions of soluble organic nitrogen are not as high, particu- 
larly in the terminal root tissues, as those found usually in roots grown in 
ammonium cultures. 

3. The amounts of protein or insoluble nitrogen are greater in the roots 
of the plants grown in nitrate than in those receiving ammonium nutrition. 
Our tentative explanation of this condition is that roots grown in ammonium 
cultures, through the rapid formation of amino acids utilize and exhaust 
very rapidly the supply of carbohydrates and possibly of other substances 
essential for protein synthesis. With roots of plants grown in nitrate cul- 
tures, the rate of nitrate assimilation and synthesis of amino acids being 
comparatively low, carbohydrates and other substances essential for protein 
synthesis are not depleted but are always present in suflScient amounts to 
promote protein synthesis, the ultimate stage of nitrogen metabolism. 

4. Organic nitrogen, newly synthesized in the roots, either from ammo- 
nium or nitrate, is transported through the tissues of the stele to the proxi- 
mal regions of the root, following the path of water and mineral salt conduc- 
tion in the roots. The channels which the hydrolytic products of stored 
nitrogen follow are the same, if our interpretation of the results obtained in 
minus-nitrogen nutrient cultures is correct. Certain of these studies made on 
root exudates indicate that, except for a great difference in the amounts of 
soluble organic nitrogen between plus-nitrogen and minus-nitrogen cultures, 
no other lines of demarcation can be drawn with our present analytical tech- 
nique between newly synthesized and stored fractions of soluble organic 
nitrogen. 

5. No proteins, in any appreciable quantity, were found in the exudate 
of roots, indicating that assimilated nitrogen is translocated as soluble 
organic and not as insoluble organic or proteinaceous nitrogen. 

6. The distribution of reducing sugars and sucrose in the tissues of the 
stele and cortex shows that sucrose is present in great amounts in the stele 
but is lacking almost completely in the cortex. The data also suggest that 
reducing sugars, possibly, enter the tissues of the stele through the terminal 
tissues of the cortex of the main root. The amounts of reducing sugars in 
the stele are greatest at the point of entrance or termihal region, but de- 
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crease in the upper regions of the stele. At different levels along the root 
there is in the stele an indirect relationship between the amounts of reducing 
sugars and sucrose. In the terminal portion of the stele, which may serve as 
paths of entrance, reducing sugars are higher than sucrose, but in the proxi- 
mal region of the main root, sucrose increases very rapidly in the stele, 
whereas reducing sugars decrease in about the same ratio, apparently indi- 
cating that there is a gradual but rapid conversion of reducing sugars to 
sucrose. 

7. The data suggest that reducing sugars are the sugars of downward 
transport and that sucrose is stored in the stele. If sucrose ever enters the 
transport stream in the roots of Pandanus veitchii it may follow a course 
similar to that in the sugar beet, that is, an upward instead of a downward 
direction. The tissues of the stele of the roots of Pandanus veitchii, on 
account of their ability to synthesize and store sucrose, are comparable to 
the root tissues of the sugar beet, as discussed by Colin. 

The writers are indebted to Dr. 6 . T. Nightingale and Dr. H. B. Clark 
for reading the manuscript and for suggestions. 

Pineapple Experiment Station 
University or Hawaii 
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EFFECT OF ENVIRONMENTAL FACTORS UPON THE COLOR 
OF THE TOMATO AND THE WATERMELON" 

A. C. VOQELK 

(with seventeen figures) 

Introduction 

A contribution to the knowledge of the physiological mechanism involved 
in the production of color in fruits of commercial value is of considerable 
advantage and usefulness at the present time. A premium is always paid 
for desirably colored products, both in the canning and in the fruit and 
market gardening industries. The natural color of ripe fruits may be due 
to pigments of very diverse nature, produced by the protoplast either in the 
living plastid, in the cell sap, or deposited in the cell wall. The plant physi- 
ologist is particularly interested in the biochemical changes which are respon- 
sible for the development of these varied pigments, the conditions under 
which they are produced, and their ultimate fate in the animal body. At 
the present time the layman is fast becoming familiar with the fact that 
certain of these yellow plant pigments are precursors of vitamin A and 
play an important role in human nutrition. 

The chlorophyll of higher plants is produced in special organs of the 
living cell called chloroplasts. According to Zibkle (63) first mention of 
these green granules’^ was made by Comparetti (13) in 1791. The living 
nature of these bodies, however, was not established until almost a century 
later when Schimper (61) proved that they arise by division of preexisting 
structures and gave them the name ‘^plastids.^’ The pigments of the 
green leaf were first extracted and given the name ‘‘chlorophyll” by 
PEiiLETiER and Caventou (60) in 1818, but it was not until 1864 that the 
first separation of the chlorophyll complex into green and yellow components 
was made by Stokes (66). In a paper before the Boyal Society he stated: 
“I find the chlorophyll of land plants to be a mixture of four substances, 
two green and two yellow, all possessing highly distinctive optical properties. 
The green substances yield solutions exhibiting a strong red fluorescence; 
the yellow substances do not.” It is to this man that science owes the 
discovery of the still widely used method of partition between two immiscible 
solvents. He stated definitely, “For convenience and rapidity of manipu- 
lation, especially in the examination of very minute quantities, there is no 
method of separation equal to that of partition between solvents which sepa- 
rate after agitation,” Unfortunately, this discovery was overlooked by 

1 Published as Paper no. 1462, Journal Series, Minnesota Agricultural Experiment 
StatioA 
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plant physiologists and did not' come into generalise until after Bobodin 
(11) isolated two different types of crystals from the yellow constituent. 
In 1906 Tswett (67) introduced the chromatographic method for the sepa- 
ration of the component pigments, which also is widely used today. Fur- 
thermore, it was Tswett who introduced the term “carotenoid” and pro- 
posed grouping the seyeral yellow pigments found in leaves under this name. 
Abnaud (9) some years previously had investigated the yellow pigment 
accompanying chlorophyll and discovered that it was identical with the 
carotene isolated from the carrot (Daucus carota Linn.) by Wackenbodeb 
(68) in 1831. Abnaud first established the hydrocarbon nature of the 
pigment and proposed a relationship between the yellow pigments and 
chlorophyll, suggesting a role for them similar to that of hemoglobin. It is 
interesting to note that recently Javellieb, Eousseau, and EiIebique (28) 
examined one of Abnaud ’s preparations sealed in a tube of hydrogen and 
found it to possess biological activity after a period of forty years. 

In 1913 Montevebdb and Lubimenko (44) presented a spectrocolori- 
metric method for the estimation of plastid pigments and studied their 
transformation in living plant tissue. In the same year Willstatteb and 
Stoll (61) applied the method of splitting a complex molecule into cleavage 
products. By purification and further study of these products they were 
able to reconstruct the chlorophyll molecule and by this means obtained proof 
of its constitution. During the course of these investigations Willstatteb 
and Mieq (60) obtained the two yellow pigments as secondary products in 
extracting chlorophyll from nettle leaves and established their empirical 
formulae. The observation that carotenoids may act as oxygen carriers or 
absorbers led Willstatteb to introduce this concept into the photosyn- 
thesis mechanism, as a means of reducing chlorophyll b and keeping the 
a and b components in equilibrium. In 1927 Zechueisteb (8) showed by 
catalytic hydrogenation that carotene contained eleven ethylenic linkages and 
was a bicyclic compound. Lycopene was found by the same investigator to 
contain thirteen double bonds and to be an unsaturated aliphatic molecule. 
Lycopene was first discovered in the fruit of the tomato {Lyeopersieum 
escuientum Mill.) by Millabdet (40) in 1876, although it did not receive 
the name lycopene until 1903 when Schunck (KJ) presented a paper before 
the Eoyal Society of London. Willstatteb and Escheb (69) isolated this 
red pigment from Italian tomatoes in 1910 and suggested its hydrocarbon 
nature. Today both carotene and lycopene are recognized as polyene hydro- 
carbons and Palmeb (49) suggests a new system of nomenclature for the 
entire group. Furthermore, Kuhn (32) has shown that the color of certain 
carotenoid compounds depends upon a chain of more than four conjugated 
double bonds and presented a method of separation of carotenoid pigments 
which has been developed further by Milleb (41). The fact that the smell 
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of violets was apparent on the oxidation of carotene led Earrer (3) to believe 
the odor due to the presence of 3-ionone rings. Subsequent investigation 
proved the symmetrical structure of carotene and that both ends of the 
hydrocarbon chain were cyclic and identical. Lycopene was found to add 
thirteen molecules of hydrogen, forming perhydrolycopene and by a series 
of reactions lycopene was shown to be a symmetrical acyclic hydrocarbon 
carrying thirteen double bonds, eleven of which are conjugated. The deep 
color of lycopene adds weight to Kuhn’s (33) observation on crocetin and 
bixin that deep color requires more than four conjugated double bonds. 
Furthermore, Kareer accomplished the difficult synthesis of perhydrovitamin 
A and then was able to present the structural formula of vitamin A. Previous 
to this time Osborne and Mendel (48) and McCollum and Davis (38) had 
found the A factor to be present in cod liver oil and in butter. Steenbock 
(64) brought out the fact that only products containing certain yellow 
pigments had vitamin A potency. Drummond (17) repeated the work using 
pure carotene and obtained negative results due to the solvent used. It 
remained for Euler (2) and Karrer (3) independently of each other, to 
harmonize these apparently discordant results and to prove 3-carotene to be 
the parent substance which is converted to vitamin A by the animal body. 
Numerous contributions by these and other investigators have shown the 
existence in plants of a series of polyene hydrocarbons, a series of polyene 
alcohols, and several polyene carboxylic acids. The carotenoid pigments 
are of wide distribution in nature and are responsible for a great number 
of colors in all plant organs. They are known to exist together and in com- 
bination with other organic pigments, so that fruit or flower color is likely 
to consist of a pigment complex, variation being due to the balance between 
the various pigments involved. 

The marked effect of temperature upon the production of lycopene was 
first discovered by Duqgar (18) in 1913. This remarkable contribution 
showed conclusively that a temperature of 30®-37° C. clearly inhibited the 
development of lycopene both in detached fruit and in fruit growing on the 
vine. The factors for reddening were not destroyed by the high tempera- 
ture, for upon return to a temperature of 20° C. lycopene formation pro- 
ceeded rapidly. Lycopene formation follows the destruction of the chloro- 
phyll but certain other changes which take place within the cells remain 
unknown. Lycopene formation, however, does not necessarily follow decom- 
position of chlorophyll as Harvey (27) has recently shown; The chemical 
reactions and the relationship between the pigments, the source from which 
the pigments are derived, the physiological importance of each component, 
are questions which remain little understood and for which quest is being 
carried on throughout the world. Lycopene formation occurs only at tem- 
peratures above 10° C. and below 37° C. Chlorophyll decomposition 
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requires a temperature above 15° C. and is removed less rapidly at 40° C. 
than at 24° C. In addition, Habvet (26) has shovm that chlorophyll 
decomposition by ethylene can occur only -when the cells are in an active 
metabolic state. The presence of fungi, slight mechanical injuries, or cer- 
tain other conditions prevent the balancing action of ethylene. Therefore, 
it is likely that the decomposition of chlorophyll does not take place by a 
single enzyme mechanism, but that the whole actively metabolic system of 
the cell is required. The same is indicated for lycopene formation. 

Extensive reviews of the literature are found in monographs by Eabbeb 
(3), Zechmeisteb (8), Ledeeeb (4), Mateb (5), Bebohann (1), and Pali- 

UEB (6). 

Determination of color 

The subject of color is a most fascinating one for scientist apd layman 
alike. Man has been color-conscious for a long time, the word itself being 
very old. Like many old words, the word “color” has been used to convey 
different meanings. As a household word, its meaning is vastly different 
from its use by the physicist. 

Color depends on the constituents of white light which are not absorbed 
but which are reflected. Color sensations in the normal individual depend 
on the responses of the retina of the eye to different wave lengths of light. 
If the li^t has one definite wave length, the color produced will have a pro- 
nounced hue. When Sir Isaac Newton passed white light through a glass 
prism, he obtained a continuous spectrum containing all the spectral hues, 
which may be described as red, orange, yellow, green, blue, and violet. How- 
ever, Newton recognized their objective physical meaning, saying plainly, 
“The rays, to speak properly, are not coloured. In them is nothing else 
than a certain power or disposition to stir up a sensation of this or that 
colour. ... So colours in the object are nothing but a disposition to reflect 
this or that sort of rays more copiously than the rest.” Newton also knew 
that any color could be matched by mixing the component blue, green, and 
red portions in proper proportions. If the primary spectral colors, i.e., light 
of wave lengths of 460, 530, and 650 mp be mixed in varying proportions, 
any hue whatsoever can be produced. The visible spectrum is arbitrarily 
divided into six broad regions (fig. 1), but the color of the spectrum varies 
continuously throughout its length. The physical difference between red, 
green, or blue is one of wave length. The unit commonly used for specifying 
this difference is the milliiqicron. Table I shows the approximate wave 
lengths of these six broad reMons. 

In the analysis of color me eye is not a good analytical instrument. It 
gives a eonfus^ sensation owing to the inability clearly to distinguish be- 
tween the three components of color, particularly brightness and purity. 
When a nolor is measured spectroscopically, such confusion is eliminated. 
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TABLE I 

Spsotbal BisaiONS m tsbhs or wave length 




Violet ' 

40(M50 

Blue 

450-600 

Oreeu | 

600-670 

Yellow 

670-690 

Orange 

690-610 

Bed 

610-700 


If the light from a reflected surface is measured by a colorimetric method, 
the eye perceives only those wave lengths to which it is sensitive. Different 
eyes are sensitive in different degrees to different wave lengths. In such 
a procedure different observers may obtain different results. Also, when 
a color is observed under varying quality of illumination, the sensation pro- 
duced under each light will be different. Colorimetric measurements, there- 
fore, are not dependent on the light source alone, but also on the idiosyncrasies 
of human vision. Spectrophotometry, on the other hand, provides a method 
for completely specifying the stimulus of color independent of material 
color standards, or of abnormalities of the observer’s vision and other per- 
sonal eccentricities. The color of a reflecting surface can be determined 
with sufficient precision, and the analysis of any color can be plotted in the 
form of a spectrophotometric curve, as in figure 1. Thus, two or more colors 
may be compared by comparing their curves, each of which constitutes a 
permanent record of the color and does not require the maintenance of a 
sample of the color. 

The color of green tomato fruits is due to the complex chlorophyll 
mixture within the chloroplast. The fact that yellow pigments accompany 
chlorophyll has been known since the fundamental work of Stokes in 1864. 
Upon the decomposition of chlorophyll at temperatures from 30®--37® C., 
carotenes, xanthophylls, and certain yellow pigments give the tomato its 
characteristic color. If the temperature during the ripening period is held 
below 30® C., unknown changes take place within the actively metabolic 
cells, resulting in the formation and accumulation of lycopene, the carmine- 
red isomer of carotene. The color changes due to the physical mixture of the 
various pigments can be satisfactorily determined by spectrophotometric 
reflection measurements. Thus, optics furnishes the plant physiologist with 
an accurate method of color measurement, and enables him to interpret 
color changes owing to the fact that there are two or more pigments present in 
physical mixture rather than in chemical combination. 

In this work reflection measurements from the surface of the firuit were 
taken with a Keuffel and Esser direct-reading spectrophotometer. The rfe- 
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flection meaanrements thus obtained were plotted in the form a spectro- 
photometric curve and also converted into terms of the red, green, and violet 
excitation values. From these values the dominant wave length and percent- 
age of purity were read front a copy of the chart as published in the report of 
the committee of the Optical Society of America (66) on colorimetry for 
1920-21. The percentage of relative brightness was also computed so that 
the colors of fruits are given in numerical expression of the three attributes 
of color, namely, hue, saturation, and brilliance. 

In describing the color stimulus in terms of the psychological sensation 
which it produces, all of these attributes of color must be considered. The 
Committee of the Optical Society of America (56) suggests the following 
definitions: “Brilliance is that attribute of any color in respect of which 
it may be classed as equivalent to some member of a series of grays ranging 
between black and white. ’ ’ Brilliance is expressed as percentage of relative 
brightness. The percentage of brightness of a color defines that proportion 
of the total amount of white light falling upon it that the color is capable 
of reflecting or transmitting. All colors except black exhibit brilliance. The 
brightness of absolute black is zero, that of pure white 100 per cent. 

“Hue is that attribute of certain colors in respect of which they differ 
characteristically from the gray of the same brilliance and which permits 
them to be classed as reddish, yellowish, greenish, or bluish.” Hue is 
expressed as dominant wave length. 

“Saturation is that attribute of all colors possessing a hue, which deter- 
mines their degree of difference from a gray of the same brilliance. ’ ’ Satura- 
tion is expressed as percentage of purity. All colors which exhibit a hue must 
also exhibit a saturation. Grays have zero percentage purity. Saturation 
determines the degree in which a color possesses hue ; thus, the percentage 
purity defines how red or how green, or how yellow a color is. Purity and 
chroma are synonymous terms. 

For example, speetrophotometric reflection measurements show the color 
of a ripe tomato as having a brightness of 11.8 per cent, a dominant wave 
length of 609 my, and a purity of 24.5 per cent. The speetrophotometric 
curve is presented in figure 1 ; the dominant wave length shown by the vertical 
line falls in the orange-red regum of the spectnun, and the observer pictures 
an attractive red fruit, A red and a pink may have the same dominant wave 
length but will differ in percentage of purity; pink, being an unsaturated 
red, will have a lower percentage of purtiy. A pure spectral red has a purity 
of 100 per cent. On the other jhand, the red will have a lower percentage of 
brightness owing to the lesser proportion of white in it. Where the curve is 
an approximate straight line parallel to the abscissa, the color is said to be 
gray. The horizontal line of zero relative energy will represent black, 
whereas the line of 100 relative energy will represent white. 
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Curve 2 4s a spectral reflection curve of st Marglobe tomato ripened at 82® 
C. and which appears to the eye as a brilliant yellow. In numerical terms the 
color of this fruit would be described as possessing a brightness of 33.5 per 
cent., a dominant wave length of 581.5 mp, and a purity of 59 per cent. Curve 
3 is plotted from reflection measurements taken from a typical Marglobe 
tomato picked in the so-called ‘ ‘mature green*’ stage. The color of this fruit 
is described as having a brightness of 32.9 per cent., a dominant wave 
length of 570 mp, and a purity of 53 per cent. Such a color indicates a 
yellowish green in which the green components of chlorophyll to a large 
extent mask the yellow ones. 



This method of color analysis was chosen because the spectrophotometer 
is an instrument of precision by means of which the attributes of color can be 
measured accurately. As previously pointed out, the eye is not an analytical 
instrument, and, with advance in color measurement, spectrophotometers will 
undoubtedly become more readily available in the future. 

Effect of temperature 

Effect of temperature upon development of color in tomato 

In an attempt to ripen quickly some tomato fruits which were gathered 
green to avoid losing the fniits from frost Dugoar (18) made the discovery 
that those fruits ripened at a temperature of 20® C. in the dark for seven 
days had a much redder color than those stored in an incubator at a tempera- 
ture of 35® C. for an equal length of time. This observation led to a series 
of carefully planned and executed experiments on greenhouse-grown Barliana 
tomatoes. Later similar experiments were conducted on species of Capsicum 
and Momordica. In all cases fruits stored at temperatures above 30® C. and 
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below 37“ C. showed very little'production of lycopene and were distinctly 
yellow in color. The same results were obtained when only half -grown fruits 
were tried and also when the experiments were extended to cover fruits 
developing on the vine. These facts led Dcqgab to conclude that the optimum 
temperature range for lycopene formation is narrow and that its optimum 
coincided with the optimum for growth or perhaps was a few degrees lower. 
Furthermore, the factors for reddening were not destroyed by a temperature 
of 37“ C., for when such fruits were returned to favorable temperature of 
20“ C., lycopene development proceeded and in four or five days the yellow 
fruits became red. Euler, Karber, Kraus, and Walker (20) confirmed 
the observation that temperatures above 30“ C. produce tomato fruits which 
are yellow in color. They suggest that the yellow pigment so induced is not 



of a carotenoid nature but is possibly a flavone or fiavinol. However, the 
last named authors make the clear assumption that lycopene formation is an 
enzymatic process and that lycopene synthesis does not occur at temperatures 
above 30“ C. because of the destruction of the unknown enzyme. 

In the experimental work herein reported the author used Bonny Best and 
Marglobe varieties of tomatoes. The fruits were picked green and selected 
for uniformity in size and in approximate age from blossoming time. The 
fruits were then stored for twelve to twenty-four hours at 20“ C. and again 
finally selected for experimental work. The fruits were placed in darkness 
in constant temperature cases of two and one-quarter cubic feet capacity and 
the temperatures were held, at 24“, 28“, 32“, 36“, and 40“ C. (±1“ C.). 
Reflection measurements were taken with a Keuffel and Esser spectrophotom- 
eter at the close of a seven-day period in the ease of series 1 and 4, and at 
the end of a nine-day period in series 2 and 3. Series 2, 3, and 4 served also 
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as checks in the work on the effect of ethylene, of varying concentration of 
oxygen, and of light respectively. Moisture was supplied by evaporation 
from open dishes in each constant temperature case, Beflection measure- 
ments were taken from three representative tomatoes in each case. To obtain 
a flat surface for reflection a section of the pericarp wall 22 mm. in diameter 
was removed with a sharp cork borer and this section mounted in the 25- 
mm. cell which accompanies the instrument. Such a section when flattened 
filled the cell and gave a uniform reflection surface. Measurements were 
recorded at 20-m|i intervals from 450 to 690 mp respectively. Since the 
analytical work requires a reading at 10 intervals from 400 to 700 mp 
respectively, assumed readings were interpolated or extrapolated as neces- 
sary. However, the sensitivity of the eye below 450 and above 690 mp is so 



Pig. 3. Effect of temperature (28®, 32® C.). 

low that an assumed value is sufficiently accurate. The percentage of reflec- 
tion was recorded, and the red, green, and violet sensations and the relative 
luminosity as (»ompared to the luminosity of noon-day sun were calculated 
with the aid of a special Keuffel and Esser slide rule. Prom these data the 
brightness, dominant wave length, and purity of each sample were calculated 
and are presented in table II. 

The most remarkable observation in respect to the effect of temperature 
(fig. 4) is the great difference in percentage of brightness and percentage of 
purity of samples ripened at 24® and 28® C. as compared with those ripened 
at 32® and 36® C. This difference is even more pronounced when dominant 
wave length is considered. Fruits ripened at 32® and 36® C. show a dominant 
wave length of from 500 to 588 mp, appearing bright yellow, while those 
ripened at 24® and 28® C. show a dominant wave length of from 595,5 to 
609.5 mp and appear a deep orange-red to the eye. Spectral reflection curves 
are presented in figures 2 and 3. 
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When the bright yellow fruits ripened at 82® and 36° C. are returned to 
a temperature 20° C., they rapidly turn orange-red and show a dominant 
wave length of 592.5 to 597.0 mp. After four days at 20° C., such fruits 
are as red as normal fruits ripened on the vine and show a dominant wave 
length of from 600 to 610 mp. 

A second remarkable effect of temperature of great importance is the 
fact that both Bonny Best and Marglobe varieties of tomatoes when ripened 
at 40° C. do not turn yellow but remain green, t.e., chlorophyll decomposition 
is prevented. Frequently brown spots of various size and shape develop after 
four or five days and such fruits in which normal metabolic activity is at 
least seriously checked are quickly attacked by bacteria and other fungi. 
Fruits ripened at 40° C. for seven days show a dominant wave length of 
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Pig. 4. Effect of temperature on purity, brightness, and dominant wave length. 


578.5 mp, a brightness of only 22.96 per cent., and a purity of 22.5 per cent, 
and appear a dull green to the eye. This low purity as compared with nor- 
mal green fruit indicates imsaturation, i.e. a gray-green of low brilliance, 
having a larger proportion pf white admixed. When these fruits ripened at 
40° C. are transferred to a temperature of 20° C., they do not produce 
lycopene as do the fruits ripened at 32° or 36° C. but very quickly undergo 
internal breakdown. Such fruit are particularly subject to attack by Bacillus 
caroiovorus, Phoma sp., Bhizopus nigricans, and other saprophytic organ- 
isms. The normal metabolic activity of such fruits is seriously interfered 
with, resulting in the more or less complete disorganization of the plasma 
structure. With this diltor^pnization the complete destruction of the whole 
cellular mechanism for lycopene formation takes place. This great differ- 
ence which is produced when the temperature is changed from 36° to 40° C. 
is remarkable and with other previously mentioned reasons indicates that 
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lycopene formation is not a simple enzymatic change but, like the decom- 
position of chlorophyll, is an internal change which can take place only in 
actiyely metabolic cells, and emphasizes the physiological inequalities of 
different temperature ranges. 

ESTBCT OP TEMPEiRATURE UPON DEVESUOPMENT OP COLOR IN WATERMELON 

Both KsRSEat (8) and Zbchmeister (8) state that lycopene is the red 
pigment in the watermelon (CitruUus vulgaris Schrad.) . A series of experi- 
ments was planned to determine the effect of temperature upon lycopene 
production in this fruit. It was found to be impossible to hold green water- 
melon fruits at temperatures of 24° to 40° C. for more than a few days. 
Fruits which were removed from the vine were quickly attacked by sapro- 
phytic fungi and were reduced to a decayed mass in a relatively short time. 
One lot of melons, variety Winter Queen, were successfully hdd at 24°, 
28° and 32° C. for fifteen days. 

The speetrophotometric data for these fruits, as seen in the accompany- 
ing table, show that in fifteen days the fruits have undergone very little 
change regardless of the temperature at which they were held. This differ- 
ence in behavior between the watermelon and the tomato led to further 
attempts to ripen watermelon fruits under temperature control. AU other 
attempts to artificially ripen watermelons off the vine gave negative results 
because of fungus attack. Removal of fruits with ten to fifteen feet of vine, 
trial feeding of immature melons with glucose, and several other attempts 
proved futile. However, it was deemed practical to move temperature equip- 
ment to the field. Three fruits of variety Arikara were held at controlled 
temperature for nineteen days. One fruit was kept in the dark at 18° to 
22° C., another was kept at 33° to 37° C. in the light, and a third melon was 
held in the same higher temperature case but in the dark. The color analyses 
of such fruits show close agreement, brightness varying from 14.62 to 16.43 
per cent., dominant wave length from 592 to 595 mp, and purity from 44 to 
50 per cent, (table III). 

These data indicate thah perhaps the same mechanism for lycopene forma- 
tion does not exist in the watermelon as in the tomato. A shift in tempera- 
ture from 20® to 37° C. did not result in the prevention of lycopene forma- 
tion as in the ease of the tomato,the red pigment production continuing 
without apparent interruption regardless of the temperature. Either 
lycopene formation proceeds in a different fashion in the watermelon than 
in the tomato or else we Wfe dealing with a red pigment other than lycopene. 
BuiGEr (10) has receti^y shptm that the red pigment from the Japan red 
pepper differs in chm^oal composition from lycopene or from the Zech- 
MBHTBiB-CHOLNoinr JOT pigment from paprika, and that this new pigment is 
not an isomer of carotene. However, Brown (13), working with the red 
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TABLE in 

EpFBOT or TKMPERATUEB UPON DEVELOPMENT OP COLOR IN WATERMELON 



Brightness 

Dominant 

WAVE LENGTH 

Purity 


1 Variety Winter Queen 





Green fruit 

31.45 

585.0 

16.0 

24° C. 15 days 

28.34 

589.0 

16.0 

28° C. 15 ‘‘ 

21.06 

588.0 

23.0 

32“ C. 15 “ 

31.27 

584.5 

17.0 

36° 0. 15 1 

data not available due to decay 

40° 0. 15 1 

1 

data not available due to decay 


Variety Arikara (vine ripened) 

180-22“ C. 19 days, dark 

16.43 

592.0 

50.0 

33“-37o C. 19 days, light 

14.62 

595.0 

44.0 

33°-37° 0. 19 days, dark 

15.84 

595.0 

44.0 


pigment of the Perfection pimento (Capsicum annuum), finds it to be 
identical with the capsanthin isolated by Zechmeister and Cholnoky (62) 
from the Hungarian paprika. Quantitative data in regard to the identifica- 
tion of the red pigment of the watermelon is needed. Data derived from 
breeding experiments with both the watermelon and tomato indicate that 
red is invariably dominant to yellow in hybrids. The genetic ratios obtained 
suggest that a complex group of factors are present and that they must be in 
subtle balance. Furthermore, certain unknown metabolic factors are at 
play which are capable of producing changes within the organism. Munsell 
(46) has shown that the red fleshy po-rtion of fresh watermelon tissue when 
fed to rats as a sole source of vitamin A produces a satisfactory unit gain 
over an eight-week period. This would lead to the belief that either certain 
yellow carotenoids must be present in the tissue of the watermelon and that 
the red pigment would seem to be superimposed on the yellow, as is the case 
in the tomato, or that certain other antiophthalmic-anti-infective substances 
are present. Both von Euler and Karrer state that of all the naturally 
occurring carotenoids only the carotenes have a provitamin A effect. It seems 
likely, therefore, that such changes in color in the tomato due to temperature, 
or lack of such changes in the watermelon, as herein reported, are not the 
result of a single enzymatic factor but that they are the result of a subtle 
balance of conditions occurring in the actively metabolic, living cells. 

Effect of ethylene upon the production of color in the tomato 

Observations in regard to the physiological activity of ethylene go back 
to the early work on the effect of illuminating gas on plants. Girardin (23) 
was the first worker to describe injury to street trees due to illuminating gas 
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and Kny (31) was the first worker to conduct experimental work on the 
injurious nature of illuminating gas to maple and linden trees. As early as 
1884 Molisoh (42) observed that the linear growth of corn roots was retarded 
by low concentration of illuminating gas. In 1901 Neljubow (46) obtained 
a horizontal curvature of pea and bean seedlings with a concentration of but 
one part ethylene to one million parts of air. Crocker and K^noHT (16) 
determined that the injurious effect of illuminating gas on the flowering of 
carnations was due to the amount of ethylene which it contained. Later, 
Molisch (43), and Crocker and Knight (30) demonstrated that the 
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physiological activity of tobacco smoke was due to the small amount of 
ethylene present. 

SiEVEES and True (63) observed the effects of the products of incomplete 
combustion of kerosene and other substances on the rate of coloring of citrus 
fruits. Denny (16),* trying empirically the substances in pure form which 
might cause this acceleration of color, was the first investigator to use ethylene 
for coloration of citrus fruits. By the use of ethylene, self-blanching varie- 
ties of celery were blanched by Harvey (24) in six days with a concentration 
of ethylene of one part to one thousand at a temperature of 18° C. For 
the dark green varieties a longer time (ten to twelve days) was required. 
Positive results with ethylene on the ripening of tomatoes and bananas were 
also obtained by Harvey (26) and successful commercial methods were 
worked out and established. 

Recently Elmer (19) discovered that certain volatile substances from 
several varieties of apples caused an inhibition of growth of potato sprouts. 
Gane (22) was able to identify analytically the active volatile substance 
as ethylene, the amount produced being very small. Nelson and Harvey 
(47), using the leaf epinasty method, were also able to show that Golden 
self-blanching celery produces in normal metabolism some gaseous or 
volatile compound and that the decomposition of chlorophyll is accomplished 
by some process similar to that by which celery is commonly blanched 
artificially by ethylene. 


TABLE IV 

ErFECT or ethylene on production of color in tomato 



Brightness 

Dominant 

WAVE length 

Purity 

Ethylene 

Check 

Ethylene 

Check 

Ethylene 

Check 

Vine ripened 


17.68 


605.0 


32.0 

Green fruit 


30.45 


570.0 


40.0 

24 ® C. 3 days 

29.07 

32.61 

580.5 

572.0 

39.5 

28.0 

28 ° C. 3 '' 

26.00 

32,27 

582.0 

577.5 j 

43.0 

28.5 

32 ° C. 3 

28.11 

33.94 

581.5 

576.5 

58.0 

47.0 

36 ° 0 . 3 

38.37 

21.60 

575.0 

586 . 0 . 

40.5 

23.5 

24 ° C. 5 days 

17.26 

16.66 

606.0 

598.5 

29.0 

36.5 

28 ° a 6 

14.57 

16.72 

600.0 

595.0 

36.0 

30.5 

32 ° 0 . 5 << 

30.50 

34.03 

582.0 

579.5 

47.5 

39.0 

36 ° 0 . 5 

34.78 

28.45 

583.5 

585.0 

45.0 

44.0 

24 ° C. 7 days 

15.26 

16.74 

609.0 

600.0 

31.5 

30.0 

28 ° C. 7 

14.71 

17.91 

610.0 * 

600.0 

32.0 

35.0 

32 ° C. 7 

28.01 

22.32 

591.5 

i 588.0 

44.0 

42.5 

36 ° C . 7 

20.43 

26.02 

590.0 

580.0 

40.5 

32.0 
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Fig, 7. Effect of ethylene (3 days, 28®, 36° C.). 

The production of the red color of the tomato is due to the formation of 
lycopene within the actively metabolizing cells of the fruit. For this red 
color to be manifest the chlorophyll must first be decomposed. The data 
presented in table IV show that, under the influence of ethylene, the decom- 
position of chlorophyll is hastened and that the production of lycopene 
quickly follows, providing the temperature is suitable. 

Bonny Best tomatoes were used in this work and received ethylene gas at 
the rate of one part per thousand on three successive days. The fact that 
ethylene-ripened fruits are redder than untreated ones in the same length 
of time is clearly demonstrated when dominant wave length is plotted against 
time, as shown in figure 5. However, it should be clearly stated that lycopene 
formation does not take place at temperatures of 32° or 36° C. whether 
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treated with ethylene or not. Undoubtedly, some of the commercial failures 
to hasten the reddening of tomatoes by the use of ethylene are due to the 
fact that lycopene formation has such a narrow temperature range. Fruits 
ripened at 32® C. or above possess a dominant wave length of 575 to 591.5 mp 
and a relatively high purity. Such fruits appear a bright yellow to the 
eye. When these yellow fruits are returned to a temperature of 20® C. to 
28® C., lycopene formation occurs rapidly. However, such yellow fruits can 
be maintained in the yellow condition for from two to three weeks by stor- 
age at a temperature of 2® C. Evidently lycopene formation does not 
necessarily follow chlorophyll decomposition, and if lycopene is formed from 
colorless chlorophyll decomposition products, its synthesis involves a mechan- 


o 

P 


I 



WAVE LENGTH (MILLIMICRONS) 
Fig. 9. Effect of ethylene (5 days, 28°, 36° C.). 


ism different from the mechanism responsible for chlorophyll decomposition. 
The data in table IV (plotted in fig. 5) also show that ethylene hastens 
lycopene formation as well as chlorophyll decomposition. The ethylene- 
treated fruits possess a dominant wave length of 600 to 606 mp at the end of 
a five-day-ripening period whereas the dominant wave length of those fruits 
ripened without ethylene varies from 595 to 598.5 mp and appears more 
orange-red to the eye than those of the ethylene group (figs. 8, 9), Likewise, 
at the end of a seven-day period the ethylene-ripened fruits show a higher 
dominant wave length and thus would appear redder to the eye (figs. 10, 11) , 
Little is actually known in regard to the mode of action of ethylene in 
the living cell. A review of the literature shows that ethylene is exceed- 
ingly active and effects a great diversity of reactions. It is capable of 
markedly modifying the growth rate of meristematic tissue; of producing 
intumescences in many different plant tissues ; of bringing about premature 
abscission of leaves ; of producing specific epinastic response of petioles at a 
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Bunimum concentration of but one part in ten millions ; of greatly increasing 
the oxidation rate in tissues exposed to it even in very low concentrations; 
of giving increase in soluble sugars and amino acids, at the expense of the 
insoluble carbohydrates, proteins, and fats; and of hastening the process of 
chlorophyll decomposition. Data presented above adds weight to the latter 
statement and, in addition, show that lycopene formation is materially 
hastened by ethylene, provided a suitable temperature is maintained. 

Effect of vaiying concentrations of oxygen upon production 
of color in tomato 

In agreement with EunsB (2) and Kabber (20), Ltjbimenko (36, 37) 
holds the view that the process of ripening in the tomato is an enzymatic 



WAVE LENGTH f MILLIMICRONS J 
Pio. 10. Effect of ethylene (7 days, 24', 32° C.). 

one. However, he maintains that three separate processes take place in 
ripening. In the first period when the synthetic reaction is not crowded by 
oxidation, the accumulation of chlorophyll takes place. Later, oxidation 
processes predominate, whereby the chlorophyll together with the yellow 
components are destroyed and transformed into colorless unknown mate- 
rials. His third postulate has to do with the color-producing activity of the 
plastid and the accumulation of a red carotenoid pigment within the 
cells. Whether or notW^bse oxidation processes represent a part of what 
actually takes place in the cell remains to be seen. Preliminary work on 
Tipening tomatoes in o:iQ''gen and other gases indicated that lycopene forma- 
tion occurs only under conditions favorable for normal metabolism. Green 
tomatoM placed under pure carbon dioxide and nitrogen gases undergo no 
development of lycopene regardless of the temperature at which they are 
held. After five to seven days, such fruits undergo very serious internal 
breakddwn, followed by rapid putrefaction. When the oxygen supply is 
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inadequate, the formation of lycopene does not take place even under fav- 
orable temperature conditions. However, chlorophyll decomposition goes 
on uninterruptedly at low concentrations of oxygen, and at temperatures of 
24° and 28° C., as well as at 32° and 36° C., yellow tomatoes are produced 
(figs. 12-16). Table V shows the dominant wave length of such yellow 
fruits to be 581.5, 578, 580.5, and 585 mp at 24°, 28°, 32°, and 36° C. 
respectively. 

Fruits ripened at low and high oxygen concentrations respectively were 
placed in the constant-temperature cases previously mentioned but within 
desiccators of approximately three and one-half liters capacity, four fruits 
being placed in each. Low oxygen concentrations were maintained by keep- 
ing the fruits in closed desiccators, which were ventilated with a stream of 
air for five minutes each twenty-four hours. High oxygen concentration was 
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maintained by slow, constant bubbling of a mixture of 50 per cent, air and 
50 per cent, oxygen through the desiccators, the mixture being prepared in 
and liberated to the desiccators from individual gasometers. 

Yellow fruits which were produced under low concentrations of oxygen 
reddened when returned to the air at 20° C. for four or five days, as also 
did the yellow fruits which were ripened at 32° and 36° C. in the high 
oxygen chambers. The close agreement of the dominant wave lengths of 
fruits ripened at 32° C. is remarkable, the fruits ripened in a low concen- 
tration of oxygen having a dominate wave length of 580.5 mp, the fruits 
ripened at a high concentration of oxygen having a dominant wave length 
of 579.5 mp, and the fruits ripened in air, not being confined to desiccators, 
having a dominant wave length of 582.0 mp (fig. 14). The same is true of 
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TABLE V 

Eppect op varying concentration op oxygen on production op color in tomato 



Dominant 

Brightness 

WAVE length 

Purity 

Low 

0. 

Hiqb 

0. 

Check 

Low 

0. 

High 

Oa 

Check 

Low 

0* 

Hiqb 

0. 

Check 

Vine ripened 




16.93 



605.0 




31.5 

Green fruit 




26.26 



577.5 



37.0 

24° C. 7 da 

22.84 

14.18 

15.73 

581.5 

598.5 

600.0 

44.0 

40.0 

32.5 

28® C. 7 da. 

22.06 

16.76 

16.06 

678.0 

601.0 

595.5 

49.0 i 

35.0 

46.0 

32° C. 7 da 

27.79 

38.68 

30.81 

580.5 

579.5 

582.0 

52.0 

35.0 

57.0 

36® C. 7 da 

23.55 

21.10 

33.39 

585.0 

583.5 

583.5 

54.0 

43.0 

51.5 


those fruits held at 36° C. having a dominant wave length of 585.0, 583.5, 
and 583.5 in low oxygen, high oxygen, and air respectively (fig. 15). This 
indicates that chlorophyll decomposition goes on at both low and high con- 
centrations of oxygen but that the formation of lycopene is prevented when 
the oxygen supply is decreased, as in the case of fruit ripened under the 
partial anaerobic conditions of the experiment. That temperatures above 
30° C. inhibit the production of lycopene is again apparent, which together 
with the before mentioned observation that suitable quantities of oxygen 
must be present for lycopene formation to take place indicates that beyond 
all reasonable doubt, the production of lycopene is a process which can take 
place only when the cells are actively metabolizing and that it seems to be 
more than a simple enzymatic change. 

Effect of light upon the production of color in the tomato 

The discovery by Harvey (27) of the importance of light as a factor in 
the decomposition of the carotenoids present in butter and in the peel of 



I I 1 J L L 

4?}o ito 500 550 J600 650 700 

<«/4V£ LEINGTH f t4ILU microns) 

Fig. 15. Effect of oxygen concentration, 36® C. 
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orange fruits in the presence of benzaldehyde led to a series of experiments 
in which Marglobe tomatoes picked in the full-grown, green stage were rip- 
ened at temperatures of 24°, 28°, 82°, and 36* C. in total darkness and 
illuminated for twenty-four hours daily. The Ii|^t source was a 1000-watt 
Mazda bulb giving an illumination of 1540 to 1620 foot-candles as measured 
by the Weston photronic cell, model 603. Thftt chlorophyll decomposition is 
hastened by light is not denied but from the data presented in table VI 
lycopene formation is shown to proceed Oqually well in either light or 
darkness, provided the fruits are maintained in the presence of air and at 
a suitable temperature, namely, 20° to 28° C. (figs. 16, 17) . Also, light may 
affect the yellow carotenoid constituents of the tomato, but the data indicate 
that temperature is the limiting factor in lycopene production. This also 
seems to hold true for the decomposition of other carotenoids. It was con- 
sidered that light absorbed by chlorophyll and by carotenoid pigments might 
activate the decomposition of these pigments owing to the energy absorption, 

TABLE VI 

Effect of light on prooxtction of color in tomato 



Bbiohtness 

Dominant 

WAVE LENGTH 

Purity 

Light 

Dark 

Light 

Dark 

Light 

Dark 

Vine opened fruit 

[ 11.80 



[ 609.0 


24.6 


Green fruit 

81.21 


562.0 


40.0 


24^ 0. 9 da 

11.68 - 

11.38 \ 

, 604.0 

602.5 

30.0 

33.0 

28® 0. 9 da. 

14.70 

14.17 

\ 699.0 

604.0 

84.0 

38.5 



38.30 

36.83 

581.0 

580.0 

48.0 

51.0 

36® HiAa. 

80A7 

28.31 . 

581.5 

582;5 

54.0 

44.0 
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but the data here presented indicate that this physical factor does not 
accelerate chlorophyll decomposition or the removal of carotenoids from the 
fruit in an appreciable amount. The data of Habvet were obtained in the 
presence of benzaldehyde which may form active peroxides on light exposure 
of wave lengths which are absorbed by the carotenoids, and thus lead to 
their rapid decomposition. The tomato evidently does not produce such 
aldehydes as appear in the seeds of certain rosaceous plants. However, 
further explanation must await further progress in the explanation of 
certain internal changes which take place within the plasma complex of 
the living plastid. 

Summary 

1. The optimum temperature for lycopene formation in the tomato was 
found to be 24° C. Lycopene is not formed at temperatures above 30° C. 
When tomatoes are ripened at 32° to 38° C., bright yellow fruits are pro- 
duced. When such yellow fruits are returned to 20° to 24° C., lycopene is 
developed normally. 

2. Chlorophyll decomposition in tomato fruits is prevented by a tempera- 
ture of 40° C. or higher. Such fruits remain green and neither produce 
lycopene when returned to a temperature of 20° to 24° C. nor the yellow 
pigments when returned to 32° C. 

3. In the case of the watermelon, a shift in temperature from 20° to 
37° 0. did not check the production of the red pigment, indicating that the 
same me Ah AnisTn for lycopene formation does not exist in the watermelon 
as in the tomato. It seems likely that color changes in the tomato due to 
temperature, or lack of such changes in the watermelon, are not the result 
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of a single enzymatic factor but are the result of a subtle balance of condi- 
tions occurring in the actively metabolic cells. 

4. Ethylene hastens lycopene formation as ■well as chlorophyll decom- 
position in the tomato, provided a suitable temperature is maintained. 

5. Lycopene formation is prevented when the oxygen supply is decreased, 
chlorophyll decomposition going on uninterruptedly within the 24° to 36° C. 
temperature range. 

6. Chlorophyll decomposition is hastened by light, but lycopene forma- 
tion proceeds equally well in either light or darkness provided the fruits are 
maintained in the presence of air and at a suitable temperature. 

The work here reported was performed in the Laboratory of Plant 
Physiology, University of Minnesota, and the writer wishes to acknowledge 
the assistance and encouragement of Professor E. B. Harvey, l^hanks are 
also due Professor E. A. Gobtner, University of Minnesota, for loan of the 
spectrophotometer, and to the Keuffel and Esser Co., Hoboken, New Jersey, 
for their helpful suggestions. 

Division or Plant Pathology and Botany 
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St. Paul, Minnesota 
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EFFECTS OF IONIZED AIE AND OZONE ON PLANTS 

Clyde Homan 
(with five figuses) 

Introduction 

Beginning as far back as the latter part of the eighteenth century, 
numerous investigators have subjected plants to the influence of electrical 
fields of widely different potentials and frequencies, using various methods of 
application, often with the idea of obtaining some growth-stimulating effect. 
Adequate controls were generally not maintained, nor were the conditions 
used possible of duplication owing to lack of measurements of environmental 
factors. Although results were reported varying from greatly increased 
yields to disastrous effects, later extensive and more carefully controlled 
experiments (2, 6) tend to disprove any effect on growth because of potential 
gradient alone. 

About 1914 it was suggested that such effects on growth, as were observed 
when using electrical discharges, were not due to the effect of a potential 
difference on physiological functions of the plant, but merely to secondary 
factors resulting from the electrical discharge, e.g., formation of ions, ozone, 
active oxides of nitrogen, etc., (5, 10, 21). As far as can be found from the 
literature, there have been no experiments in which the mentioned factors 
have been isolated. There has been no work done in which these factors have 
been measured by any reliable method, either when attempts were made to 
isolate them, or under the conditions of a high tension discharge. 

Workers who have used ultraviolet rays, x-rays, and radioactive mate- 
rials, as well as electrical discharges, have employed agents that ionize the 
air and produce ozone to a greater or lesser extent ; and to them a knowledge 
of the effects of these factors is of interest. 

Results of previous investigators 

The first discussion of ionized air in this connection occurred in such 
papers as those of Breslaueb (1) and Jorgensen (10). These papers refer 
to simple experiments with overhead wires, with the assumption that the air 
is more or less ionized by such discharges, but making no mention of measur- 
ing the ionization, if any, that may have occurred in the vicinity of the plants. 

More recently experimental methods have been developed to determine 
whether ionized air has a direct influence upon plant growth. However, an 
analysis from the physicists’ point of view of the previous experimental 
work with ionized air discloses a number of errors in method and interpreta- 
tion sufficiently serious to invalidate most of the conclusions reached. Some 
of the most obvious of these errors may be pointed out. 
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Using polonium on copper foil as an ionizing agent for air, which was 
then passed over the plant material, Middleton (16), Whimsteb (29), 
Van Aspeeen de Boer (28) and Portsmouth (19), obtained contradictory 
results. Middleton found an increase in respiration varying from 
5.68 ±: 2.57 to 29.11 it 5.62 per cent. Portsmouth, attempting to dupli- 
cate Middleton’s results with barley seedlings, got no significant increase 
in one experiment, and only 1.5 per cent, in another. Again, Whimster 
found an increase as high as 85.7 ±: 7.1 per cent, in respiration of Pelar- 
gonium leaves, while Portsmouth with a similar experimental setup obtained 
no sign of the increase found by Whimsteb. Likewise Van Asperen de 
Boer found no effect of ionized air on the respiration of fungi. 

These men assumed that only alpha particles are emitted by polonium. 
However, Bussell and Chadwick (20) found both a gamma and a beta 
radiation, the gamma being three times as strong when the polonium was 
deposited on copper as when deposited on aluminum. Therefore the results 
of the experiments given above may have been influenced by these gamma 
and beta radiations. 

In these experiments, moreover, the number of ions per cc. of air was 
calculated from the saturation current and the volume of air between two 
plates placed in the position occupied by the plant material used. Of course 
the field would extend beyond the plates, and ions would be drawn from a 
considerable distance j but it is of much greater importance that the use of 
such high potentials as 947 volts across plates 2-5 cm. apart resulted in the 
electric field simply drawing the ions to the plates as fast as they were 
formed (the polonium being at a distance of only 4-5 cm.). What they 
really calculated was the rate of production of ions. The number of ions 
per cc. would not be measured by this procedure. The amount of ionization 
at a given moment would depend partly on the rate of recombination of ions, 
which would greatly lessen the number, as would also diffusion of ions and 
the movement of air. The voltage used was so high that no other evidence is 
needed that the ions were drawn to the plates as fast as formed, the mobili- 
ties of the ions being about 90 cm. per second. 

Spoehr (23) drew air, supposedly ionized by sunlight, from outdoors 
over wheat seedlings and onions, and measured the 00^ output during the 
day and night. He found that when the air was not de-ionized by passing 
through an electric field, the ratio of CO^ output per hour by day to that 
by night was 1.15 for onions and 1.042 and 1.091 in two studies of wheat 
seedlings. In two experiments, in which he de-ionized the air drawn in 
before passing it over the plants, the ratios were 1.010 and 1.015. This would 
indicate ibat air exposed to dayli|[lait with its slightly higher degree of ioniza- 
tion caused slightly increased respiration, provided no other changes had 
also been brought about. It- would seem, however, that drawing the air 
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tkrough 45 feet of glass tubing in a thermostat would allow sufficient time 
for considerable recombination to take effect, possibly nullifying the higher 
ionization due to the sun’s rays. There was no measurement of the degree 
of ionization of the air, reliance being put on the work of other investigators, 
which shows, in general, that there is a higher ionization of the air in sun- 
light than in darkness. There has evidently been no confirmation of this 
work. 

Hbnbici (7, 8) noted in the course of her experiments that the assimila- 
tion of alpine plants was much more active before a thunderstorm in spite 
of the low intensity of the light. She ionized the air artificially by the 
use of thorium oxide, and protected the plants by aluminum screens from 
any alpha radiation. She found that for lowland plants ionization favors 
assimilation in weak light, has no effect in medium light, and retards it in 
strong light ; for alpine plants ionization increases assimilation in weak and 
medium light, and has no effect in strong light. She claims that in suitable 
conditions of light, ionized air increases photosynthesis; in some cases she 
got as high a ratio as 3-4 : 1. Her results, however, were not based on the 
averages of a sufficiently large number of experiments for calculating the 
probable error; hence it is not possible to estimate their value. Calcium 
hydroxide solution in Pettenkoffer tubes was used for absorption of CO^ 
and it does not seem that the small differences in COg found could have been 
very accurately measured. She has not continued with this work as far as 
can be determined from the literature, and there has been no confirmation 
from other sources. No measurements as to degree of ionization produced 
were made. Methods used to control temperature, etc., were not clearly 
described. Also, thorium oxide is a very weak ionizing agent, and aluminum 
sheets would not stop gamma rays. 

Lipperheide ( 14 ), using sparks as a source of ionized air, presented the 
results and conclusions of a number of experiments mainly on the supposed 
effect of ionized air under the conditions in which he produced them. The 
conditions of his experiments are briefly as follows: Potted bean plants, 
Pkaseolus vulgaris, were grown in garden soil in cases with glass tops. The 
condition of the air in the treated case was modified by blowing air through 
two metal combs placed opposite each other. Sparks were passed between 
the points by connection with an induction coil and other necessary electrical 
apparatus. Though he does not state the current or sparking distance used, 
the coil had a maximum capacity of 18 amp. and would give a spark 20 
cm. long. 

Only a relative idea of the degree of ionization in the treated air as com- 
pared to the control was obtained. This was determined by the time it took 
to discharge a metalfoil-leaf electrometer sufficiently to cause the leaf to 
move five divisions on the scale. Eoughly, the degree of ionization would 
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be inversely proportional to the. time elapsed. The peculiar thing about his 
figures is that they show great variability in the time required for this 
degree of discharge of the electrometer. In the control case the time varied 
from 1 minute and 40 seconds, to 4 minutes, most of the readings being about 
4 minutes. In the treated air the variation was from 7 to 50 seconds, mostly 
around 10 seconds. Thus, the average degree of ionization of the treated 
air was roughly 24 times that of the control. This gives an ionization of 
only 24,000 per cc., if the ionization of the control air is assumed to be 1000 
per cc. This is much lower than has been obtained by the writer and others 
referred to, and indicates that the sparks used were not of great number and 
the field strength comparatively weak. This probably accounts for his being 
able to grow plants under the conditions employed, for with a sufficiently 
weak field and sparks the quantity of ozone would be kept below toxic concen- 
tration limits. However, he must have been near the border line, for he 
states: ‘‘Die Schadigung durch Ozon war bei manchen Versuchen so gross, 
dass oft ganze Versuche abgebrochen werden mussten.’’ His results show, 
as summarized also by Koernioke (13), that 35 control plants had a leaf 
surface of 741.37 sq. cm. while 35 treated plants had 1,431.32 sq. cm.; and 
31 control plants had a dry weight of 19.057 gm. while 31 treated plants had 
a dry weight of 33.655 gm. Control plants transpired, during five days, 
1299 gm. of water, and the treated plants 1554 gm. Also, during three 
weeks, when the plants were grown in a nutrient solution, the intake of salts 
was 7 mg. higher per treated plant than for the controls. Other experiments 
showed that when the plants were placed in a cellar, a three-peaked curve of 
leaf motion of small amplitude was obtained, which became a normal two- 
peaked one of larger amplitude again after “ionization.*’ With stronger 
ionization, stronger movements were obtained, and with strong ionization 
the leaves rose. He claims that plants in ionized air remained green in the 
dark for a longer period; and that when grown in “ionized” air they were 
darker green and often had a fourth leafiet. This latter observation was 
emphasized and photographs recorded. This emphasis seems unreasonable. 
It so happened in the writer’s work that this fourth leaflet appeared fre- 
quently, but more often in the untreated plants than in the treated. 

The above results alone are interesting, but the following criticisms make 
them untenable ; 

(1) At all times Lipp®bheidb used both ionized air and ozone, with pos- 
sibly small amounts of iiitrogen oxides, the amount of O 3 produced depending 
on humidity, potential used, etc. Up to the time his work was done there 
had been nothing to ifiiow that O 3 in small dosages might not be beneficial. 
Therefore, assuming all other conditions constant, one would not know to 
which to' attributie the effect. One could possibly assume that when the 
concentration of Og passed a certain point the plants were harmed. This 
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evidently often occurred. Also, he gives no data on point distances, current, 
or potential used. 

(2) Evidently there was no method of controlling air flow. It seems 
that all that was done to the control case was to open the door while he was 
blowing the air past the discharge into the treated chamber, ‘^Dadurch wurde 
es vermieden, dass den Versuchpflanzen mehr frische Luft zugefiihrt als 
den Kontrollen.” 

(3) How light was controlled is not discussed. It seems it would be very 
difficult to place two cases in a greenhouse so that the light penetrating the 
cases was at all times equal. 

(4) Where soil was used, no mention is made of how soil moisture was 
controlled. 

(5) Definite mention, however, is made that the humidity varied con- 
siderably at times when the readings given were made, there being variations 
of 25 to 30 per cent. Also some differences are given for temperature. The 
blower connected with the treated case was evidently only in operation when 
a discharge was going on between the points. During the remainder of the 
time, the door of the control case was opened an amount supposed to approxi- 
mately equalize the effect of the ventilator of the treated case. There is 
nothing in the description of the construction and setup of the cases which 
would show that a significant difference in humidity might not have existed 
most of the time. The writer ^s work with the same plants indicates that 
Phaseolus vulgaris is particularly susceptible in its growth and size of leaves 
to moisture conditions. 

(6) The work may be criticized because of the small number of plants for 
which data are given ; also, it is not clear on what basis the plants thought 
to be injured by ozone were eliminated. 

(7) From the diagram shown in his article, it appears that the ultra- 
violet light from the sparks might reach the plants, perhaps having some 
effect. 

In all other experiments listed in the bibliography, no measurements were 
made, as for instance in the numerous experiments of Nehru (17) in which 
a variety of sources of supposed electrical energizing were used and seemed 
in almost all instances to produce stimulating effects. 

Lack of controlled conditions as to light, temperature, air flow, etc., are 
general, as is also the use of a limited number of plants, or the taking of read- 
ings of respiration over very short periods, or other similar procedures which 
would tend to emphasize idiosyncrasies of individuals or of small groups, 
or differences due to time of day and other local factors. An example of this 
is the case in which Nehru (17) after uprooting 5 plants, treated them with 
an electric spark and used only one plant for a control. 



962 


PLANT PHT&IOLOOY 


Then there exists in some cases questionable accuracy of measurements 
by absorption or colorimetric methods of the small amounts of CO 2 involved 
in small differences in respiration. 

Available information on effects of ozone on plants 

The earliest mention of studies of the effects of ozone on plants was found 
iiyEt report by Haber (6) of the Kaiser Wilhelm Institute who presented 
his results at a special meeting. This work has remained unpublished, but 
the following quotation is taken from the above report : 

‘‘He gave the results of his investigations with others of the assimilation 
of a leaf of cherry laurel in air filled with carbonic acid. It was found that 
the electric field, either continuous or alternating, produced no change in 
assimilation unless a glow discharge was obtained. The reaction produced 
by the glow discharge injured assimilation. The admixture of ozone or 
oxide of nitrogen with air had the same effect.’’ 

The information that this work remained unpublished is taken from 
Stern (24). 

Knight and Priestly (11) passed air through a jar in which an electrical 
discharge was taking place and thence into a jar containing seedlings. They 
found the chlorophyll in the upper portions of the seedlings had been 
bleached. They made no measurements of the products of the discharge 
but concluded there was no effect on respiration. The bleaching, as will be 
shown later, was, no doubt, due to a fairly high concentration of ozone. 

Lipperheide (14), in a short paragraph on the influence of ozone on leaf 
movements of Phaseolus, states that the leaves go into the “sleep position” 
when subjected to a moderate amount of ozone. He finds that the leaves are 
very sensitive to ozone. If ozone was present for over five minutes, the plants 
were injured, and after two days were speckled brown, and parts were dead. 
He adds that ultraviolet rays also cause a downward movement of the leaves 
and attributes this to ozone arising from the action of ultraviolet radiations 
on air. No analysis of the gas used was made. 

According to authoritative opinion (9), ozone in sufficient concentrations 
to kill bacteria will kill animals. Apparently, beneficial effects of ozone 
are due to its odor, which gives relief to the olfactory sense from the tedium 
resulting from constaijit inhalation of air at constant humidity and tempera- 
ture. Also, beneficial effects in diseases of the mucous membranes, if any, 
are the result of blistering action which may cause increased blood supply. 

Takamiya (26), in repeated experiments, has shown that ergosterol ex- 
posed to ozone in proper concentration gives a substance having the action 
of vitamin D, as it also does in ultraviolet light. Thus there might be some 
beneficial reaction with plant sterols, although work reported in this paper 
does not indicate it. 
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Ozone is not found to any extent in lower altitudes due to its decomposi- 
tion by moisture. In the upper stratosphere, measurements have shown 
(16) that there is an equivalent of a layer about 4.2 cm. thick. Mellob (16) 
emphasizes the importance of this by quoting B. Moore as follows : 

^^As the light from the sun first strikes the earth ^s atmosphere it is full 
of ultra-violet light and violet light. Such light rays as these, if they reached 
the earth at the present moment, would annihilate us; they would simply 
mean death to the world below. The first thing that happens to prevent 
this is that ozone is developed, and by absorption this ultra-violet light is 
shut out.^’ 

In regard to the possible production of ozone by plants, Ursprung and 
Goekel (27) obtained an effect on a photographic plate placed in a closed 
chamber with plants. As their electrometer showed no change, they con- 
cluded that the effect on the plate was due to ozone or other gaseous products 
and not to ultraviolet radiations which would ionize the air. Results that 
seem to confirm this idea were given by Coupin (3). A concentrated solu- 
tion of KI in litmus paper was placed in a chamber with plants and also in 
a control chamber, and exposure made to diffuse light. The litmus turned 
blue only in the plant chamber. Evidently some oxidizing agent, perhaps 
ozone, was formed by the plants which liberated KOH. 

Plan of experiments 

From the summary just presented, the writer concludes that little can 
be definitely said, except that O 3 at certain high concentrations was undoubt- 
edly toxic. The possibility remained that ionization alone might have been 
stimulating, or that ozone in proper concentration might be beneficial to 
growth. It was, therefore, decided to carry out the following plan : 

(1) Determine a method of growing a number of plants at a time under 
exactly controlled conditions so that it would be possible to change only the 
gaseous environment of the plants. 

( 2 ) Find the best method of producing a high concentration of gaseous 
ions uncontaminated by ozone. 

( 3 ) Devise a method of producing ozone in various desired concentra- 
tions without nitric acid anhydride (N 2 O 5 ) being present in any detectable 
amount. 

(4) Grow plants {Phaseolus vulgaris) for a sufficient length of time 
(seedling to blossoming) so that any effect on growth would become defi- 
nitely evident. 

(5) Grow plants in different concentrations of ozone, to determine 
what concentration is toxic, the specific effects produced, and whether dif- 
ferent small concentrations applied either constantly or intermittently are 
stimulating. 



964 


PLANT PHYSIOLOGY 


Apparatus and methods 
Growth chambers 

The plants were grown in experimental cases of the design and dimen- 
sions illustrated in figures 1 and 2. The top is set in a trough completely 
surrounding the sand pan and may be lifted off. This trough is filled with 
water or other suitable liquid, which acts as an air seal. The glass sides 
leave the plants visible, while the easy removal of the glass case from over 
the plants makes it convenient to get at them. To assure complete drainage, 
the bottom of the sand pan was slightly funnelled. 

Baffles are soldered into the funnel ends so that air entering and leaving 
the case is spread out evenly through the interior and does not pass only 
through the center region. The baffles and funnels are painted dull black 
to avoid reflection of light. Around the top of the case is fastened a band 
so that the top glass may be covered with a layer of water. 

Three cases were placed in parallel between a common outlet and inlet. 
One case served as a control for the other two, thus reducing by half the 
time which would be needed if only two cases were used. Air was drawn 
through the cases by an exhaust centrifugal blower. Lighting was accom- 
plished by placing incandescent bulbs with reflectors over the cases. The 
gaseous products were introduced at the inlets. 

Control of air flow 

In order to be able to maintain equal air conditions in the cases, it was 
imperative that the air flow be accurately measured and regulated. The 
common exhaust manifold was 15 inches in diameter so that there would be 
no drop in pressure with distance from the outlet. 

Measuring and regulating air flow was accomplished by the method of 
differential pressure across an orifice plate placed in the line. The principle 
is based on Bernoulli’s theorem (12). If a pipe of perfectly true bore is 
used, and an orifice plate inserted so that a perfectly round hole is accurately 
centered, and taps then taken at proper distances, the flow through that 
pipe may be known with an accuracy of 0.5 per cent. Tables have been 
worked out ( 22 ), so that, knowing the fluid and its density, the inside pipe 
diameter, the ratio of the orifice to diameter of the pipe, and the differential 
pressure across the orifice, the flow may be found. Correction factors, (also 
obtained from tables) are introduced for temperature, pressure, and humid- 
ity. The tables used here were kindly furnished by the Republic Flow 
Meters Company of Chicago, Illinois. Of course, the accuracy of the deter- 
mination of the flow depends entirely on the accuracy with which the diam- 
eter of pipe and orifice, and the differential pressure reading are obtained. 
Seamlm steel tubing was used which varied only 1 to 2 thousandths of an 
inch, and Bufflcient length was used in front of the orifice so that any turbu- 
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lence in the flow would be smoothed out. The flange, fitting over the pipes 
and holding the orifice plates, and the orifice plates themselves, fitted together 
with the orifice exactly centered. The size of the orifice and the speed of 
the blower were adjusted by trial so that the flow desired could be obtained 
with a differential pressure of 70-100 mm. of water, which differences could 
be read within a fraction of 1 per cent. Even greater accuracy than 0.5 per 
cent, could be obtatined when simply balancing the flow through two or more 
identical pipes and orifices, and in reading the differential pressure for ac- 
curate adjustment. In this work the limit of error was not over 1 per cent. 
The greatest errors come from inaccuracies in knowing the diameters of the 
pipe and orifice, which are perpetuated as the square, while those in reading 
the differential pressure vary only as the square root. 

The blower used was of the ordinary centrifugal fan type (Buffalo Forge 
Co. no. 1) and was driven by a synchronous motor to avoid changes in flow 
resulting from fluctuations in line voltage, which was found to vary as much 
as 10 per cent, when an induction motor was used. As the pressure on the 
exhaust side of all three orifices was the same, the flow was balanced through 
the cases by simply adjusting the inlets so that the differential pressure across 
the orifices were identical. Since the sizes of the three cases and pipes lead- 
ing in and out of them were all the same, very little adjustment was necessary. 
It was found that a flow of about 30 cu. ft./min. was suitable, as this changed 
the air about once a minute in the eases, caused only very trifling movement 
of the leaves, and when ionized air was being used, was sufficiently rapid so 
that too large a degree of recombination did not take place. Since air entered 
the cases from a common manifold and passed through rather rapidly, it was 
not to be expected that the humidity would differ in the different cases. 
Measurements of the relative humidity in the three cases showed that there 
was no detectable variation. 

Control of light and temperature 

Over each case, at a distance of two inches from the glass, were suspended 
two 1000-watt bulbs with reflectors. These bulbs were tested for equality 
of illumination. The glass of the tops was i in. thick, the sides ^ in. and of 
a special high-grade crystal type of glass which was uniform in light trans- 
mission and thickness. The top glasses were covered with f in. of distilled 
water, maintained at constant level by an overflow and drip source of re- 
plenishment. As dust settled to a slight extent in spite of the fact that 
the experiment*, was carried on in an air-quiet basement room and that the 
reflectors largely covered the tops, the glasses were cleaned daily. Without 
the water on top, and with an air flow of 30 cu. ft./min., the temperature of 
air leaving the chamber was 2® or 3® C. higher than that entering ; while with 
the water screen, it was only a fraction of a degree higher. The temperature 
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in all three cases was equal. But the water was used throughout, not par- 
ticularly to lower the actual temperature of the air in the cases but to elimi- 
nate a large proportion of the infrared rays and so to give a better balanced 
spectrum and also to prevent internal heating of the leaves. It was found 
that the plants used showed no curvatures in any direction and grew to 
uniform heights. There was, therefore, little or no error introduced due 
to one set of plants growing nearer to the lights, which might tend to exag- 
gerate the differences in growth. Light screens were placed opposite the 
glass sides of the cases to prevent light from one case being reflected into 
another. 

Control of soil conditions 

The plants were grown in pure quartz sand, eight inches deep. Constant 
soil moisture conditions were obtained by flooding once a day with nutrient 
solution and draining immediately after. This was accomplished by placing 
a five-gallon bottle of nutrient solution somewhat above the pans and allow- 
ing the solution to siphon to the surface of the sand through a i in. pipe from 
the bottom where it poured into a in. angle iron with holes bored along 
its sides. In this way, the liquid flowed fairly uniformly throughout the 
length of the pan into the sand without disturbing it. When the sand was 
immersed about I in. in the liquid, the inflow was shut off and the drain 
opened. As the sand in all these pans was of the same particle size and of 
the same packing tendency, the amount of solution held should have been 
pratically identical in all three cases. That this was true was shown by 
measurements of the amount entering, and of the excess that could be 
drained. Thus soil moisture conditions were constant at the start and would 
be changed only by differences in degree of transpiration and evaporation 
during the twenty-four-hour period between waterings. However, there 
was ample moisture in the sand to last several days and tests showed that 
it took practically the same amount of water to saturate the sand in each of 
the three pans after twenty-four hours of transpiration and evaporation. 
Fresh air was also sucked into the sand when the liquid, filling the inter- 
granular space, was drained. 

The nutrient solution used was as follows : 


A. 

50 

gm. MgSOi 

in 

500 

cc. Hj^O 

B. 

50 

“ KHjPO* 


( ( 

< ( 

< ( 

C. 

50 

50 

“ Ca(N 03 ).? 

“ CaC4 1 

<< 

<( 


( i 

D. 

4 

“ FeCls-OHjO 

u 

300 

i < 

< < 


Add 10 cc. of solutions A, B, and C, and 10 drops of D to four liters of 
distilled water. 
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Obtaining plants op similab size and vigor 
About 1000 Phaseolus vulgaris seeds of uniform size were selected each 
time and planted in quartz sand. They were found to germinate uniformly 
and from this number of plants it was not difficult to obtain 99 plants of 
almost identical appearance at an early stage in the development of the 
primary leaves (about ten days after planting). Thirty-three were then 
planted in each pan (fig. 1), six inches apart and four inches from the sides, 
in the case of the two rows nearest the glass. At this distance there was little 
crowding and the plants were not interfered with nor shaded by one another. 
The plants grew very uniformly and no differences could be noted between 
the outside and inside rows. 

Production and measurement of ionized air 
Three sources of ionization of the air drawn into the cases were con- 
sidered: spark discharges, radioactive compounds, and x-rays. It was at 
first thought that spark discharges would serve best for a constant source of 
quantity production of ions and since LiPPERnEiDE used this method, it was 
tried first. A spark discharge box (fig. 5) was built. It consisted of two 
plates each having twenty-five points spaced 1 in. apart. These were capable 
of being adjusted so that the points of the opposite plates could be placed at 
any distance from one another up to 8 in. The two plates were connected 
to the terminals of the secondary of a transformer that could be regulated 
up to 100,000 volts. When the current was turned on, a lively display of 
sparks played between the points. Large Leyden jars (3000 m.m.f. capacity) 
were placed in parallel with the plates to prevent arching. In this way blue- 
white, crackling, thick, hot sparks were obtained, which type forms the least 
ozone. Air was then drawn between the points through the sparks into the 
plant chambers. 

Another method of producing spark discharges was to use a Tesla coil 
discharge (frequency 4,500,000 cycles per second) connecting the two ter- 
minals of the secondary connected to the plates. This gave thinner purplish 
sparks that became a spray of fine thin sparks spreading between opposite 
points. This changed almost to the appearance of a glow discharge filling 
the space between the plates when the points were moved farther apart (6 
to 8 in.). The thin sparks produced by the Tesla coil when the points were 
drawn 4 to 6 in. apart spread out from the points so that practically all the 
air between the points had a visible discharge in it. 

In order to measure the number of ions per cc. in the air entering and 
leaving the plant chambers it was necessary to build a device which could 
be inserted in the air line and by which all of the ions could be discharged. 
As these were passing in at a constant rate, a constant current would result 
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electrometer was used (capacity 93 e.s.u.) because, by inserting different 
capacities in parallel, it could be made flexible in use over the range of cur- 
rents to be measured and because a galvanometer that was sufficiently sensi- 
tive for some of the small currents to be measured was not available. 

The device through which the ionized air passed into the chamber is 
shown in figure 3. It consisted of a brass tube of the same size as the pipe 
entering the chamber. A brass rod was suspended longitudinally down the 
center of the tube from its middle by another rod passing up through two 
cakes of sulphur held by a glass tube with its lower end drawn in but not 
touching the brass rod, so that the surface of the sulphur would not become 
contaminated from dust, moisture, etc., in the air passing through the tube. 
The use of sulphur was found necessary. At first, glass alone was used, 
and there was a considerable leakage over 12 inches of glass tubing from 
which the rod was suspended at the top, due to surface moisture. The out- 
side tube, which was completely insulated from connecting pipes, was charged 
up to the proper voltage by connection to one pole of a battery, the other of 
which was grounded. 

A lead was taken off the suspended rod to one quadrant. Because of the 
strong electric waves given off by the spark discharges, which would greatly 
affect the electrometer, it was completely shielded in a galvanized iron box, 
the beam of light for reading passing through a screen. The lead from the 
suspended rod and the part projecting up above the brass tube was shielded 
by metal tubing. It was not found necessary to place screens across the 
ends of the brass tube because the suspended rod, placed only within 2 inches 
of each end, was found to be so completely shielded as not to affect the elec- 
trometer. Then, by first placing the quadrant with suspended rod and lead 
at ground potential and with the outer tube charged, all ions of similar 
charge were driven to the brass rod where they gradually charged the quad- 
rant up to the potential of the outer tube. The rate at which the quadrant 
charged up, and thus the rate of turning of the needle as measured on the 
scale, depended on the number of ions available to carry the current across 
from the outside tubes to the rod, and also on the capacity of the quadrant, 
lead, and rod. Knowing the capacity of the system (found by the usual 
method of calibrating with a known capacity), the charge of a single ion, 
the number of centimeters of scale corresponding to a change of 1 volt in the 
potential of the quadrant, and the rate of flow of air in cubic feet per minute, 
the number of ions per cc. may be calculated as follows : 


2 X 


(Ce -f Cc) (V/cm.) x (number of cm.) 
t 

(4.77 X 10“^^ e.s.u.) (30.48 cm.)® x 

DU 


= no. of ions per ce. 
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Explanation of symbols: 

Ce = capacity of electrometer and leads (93 e.s.u.) 

Cc = capacity of air condenser inserted in parallel 

V/cm. = number of volts to which 1 cm. corresponds on scale placed 
at one meter = 1.2 

Number of cm. = number of cm. taken for reading 

t = time in seconds for the needle to move the above number of cm. 

4.77 X e.s.u.= one elementary unit of charge, i,e., charge on one 
ion 

(30.48)® = conversion factor for changing cubic feet to cubic centi- 
meters 

28.6 cu. ft. per min. = rate of flow of air per minute, divided by 60 
to change to seconds 

2 = factor for total number of ions as only one-half of the ions (as 
measurements showed there were equal numbers of + and - ions) 
are driven to the quadrant of the electrometer, the other half being 
neutralized by the charge of the tube. 

It was found that charging the outside tube to 135 volts was sufficient to 
take out all of the ions at the rate of air flow used. Further increase in 
voltage gave no greater rate of movement of the needle. In fact, 90 volts 
gave, within a small percentage, the same reading as 135 volts. 

In calibrating the electrometer several radon tubes were used as a con- 
stant source of ionization. These were suspended in the brass tube. It was 
found that the needle swung extremely rapidly and, in order to get the mo- 
tion down so that readings could be made accurately, almost all of the tubes 
had to be removed. It was subsequently found that by placing the radon 
tubes at the entrance to the plant chamber (air flowing at the time) and the 
ionization chamber at the outlet, a higher reading was obtained than if the 
air had passed through sparks. In order to see how many ions per cc. could 
be produced with a flow of 28.6 cu. ft./min., a glass tube was coated on the 
inside with several hundred old radon tubes and another smaller glass tube 
suspended longitudinally in the larger tube, it being coated on the outside 
with radon tubes (fig. 4) . 

It was thus found that 1,100,000,000 ions per cc. could be produced at 
the near end with a flow of 28.6 cu. ft./min. That this measurement was 
correct was shown by placing three feet of pipe between the ionization cham- 
ber and the radon tubes. No current could be detected by the electrometer 
unless air was flowing through the pipe, showing that what was being mea- 
sured was actually the number of ions per cc. and not the rate of production 
of ions by rays of some sort. At this point adding additional radon tubes 
did not increase the ionization nerceptibly. 



nOMAN ; EFFECTS OF IONIZED AIR AND OZONE ON PLANTS 


971 


At the outlet of the chamber, owing to recombination of ions while pass^ 
ing through, the reading dropped so that only 21,000,000 ions per cc. were 
measured, but this is still a large number. 

It was found that the Tesla coil discharge would give only about one-fifth 
of this number, and the maximum white spark discharge obtainable gave only 
about one-twelfth as many. This latter degree of ionization was obtained at 
a point distance of about 4.5 cm., when there was probably the greatest den- 
sity of sparks and greatest potential drop per centimeter. Practically no 
ionization took place unless there was a spark or corona discharge. Spark- 
ing, and not the field alone, is evidently necessary to get a large degree of 
ionization by collision. This would indicate that in experiments with over- 
head wires little ionization takes place. The ionization readings remained 
constant and the maximum degree of ionization was used throughout the 
experiments using ionized air. Strangely enough, a spark discharge used 
as an auxiliary source with the radon tubes, decreased rather than increased 
the readings. 

Owing to the fact that elaborate equipment would be needed to employ 
x-rays and eliminate errors and danger from their use, and that the tubes 
would not be constant sources, and could not be run for long periods, they 
were not tried. 


Measurement and production of ozone 
The air from the plant chamber was drawn through two Fisher wash 
bottles containing KOH solution and through two containing neutral KI 
solution at a constant known rate. This rate was determined by calibration 
of a capillary flow-meter and kept constant by regulation of the differential 
pressure. It was found, in calibrating, that if the differential pressure was 
set at a certain point, the time of flow of a certain volume of air could be 
predicted within a fraction of 1 per cent. The rate used was about one-half 
liter per minute. The iodine liberated according to the equation 

2KI + Os + HsO = 2KOH + + 0^ 

was titrated in acid solution according to the method described by Tread- 
well and Hall (26). 

I, + 2Na,S.O« = 2NaI + Na^S^O* 

or 2 moles of NagSgOg = 1 mole O3. Thus knowing the volume of gas drawn 
through the absorption bottles and the number of cc. of 0.01 Inolar NagSgOg 
solution used, the number of parts of O3 is easily determined. 

, , . ^ XT « ^ 22,400 

i number cc. of 0.01 M NaoOoUa x -n j. a 

^ ^ ^ ^ 1000x100 _ Parts of ozone per one 

(Number of minutes of absorption) (cc. per min.) part of air. 

(Corrected for standard conditions) 
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To produce 0,, and to be able to regulate the amount, a Siemens type tsix 
ozonizer was built (diameter 4 in.). Regulation of tbe concentration of^ 
ozone could be accomplished by changing the area of the outer layer of foil, 
by changing the potential, by changing the cross sectional open areas between 
the glass tubes or the amount of open area of the inside tube, thus causing 
more or less air to flow relatively between the tubes where it was ozonized by 
the strong alternating electric field. Twenty to thirty thousand volts could 
be used without sparking. The air, after being ozonized, was passed through 
the deionizer. 

It was soon found that only small concentrations of O 3 were necessary 
and at none of the concentrations used was any detectable by passing 
large volumes of the air through KOH and testing the resultant solution by 
several of the most sensitive qualitative tests for NO 3 . All lower oxides that 
may be formed are immediately oxidized to N2O5 by O3 ( 4 ). 

Experimentation 
ExPEBIUENTS 1 AND 2 

Thirty-three seedlings were transplanted into each chamber. The pri- 
mary leaves were about one inch across. Lighting was for 16 hours daily. 
Ionization was at a maximum rate and was continuous, using the radon tube 
device. The sand was saturated and drained every twenty-four hours. 

The plants grew rapidly and bloomed nineteen days after transplanting, 
and twenty-nine days after planting of the dry seeds in moist sand. Espe- 
cially noteworthy was the uniform growth of plants and uniformity of time 
of blossoming in the two chambers. The leaves were unusually large and 
the intemodes elongated, but there was practically no lodging. The plants 
were all about twenty-three inches high. The treated and control plants 
were identical in appearance. Also, there were no differences to be observed 
between the plants growing near the inlet and those near the outlet. 

The chambers were alternated between the control and treated sets in the 
two experiments so that if there were any differences due to conditions in the 
chambers they would be.discovered. There was, as shown, a large increase in 
dry weight, indicating that the plants grew considerably, and any effect due 
to the treatment ,«hould have been noticeable. As indicated in the last line 
of table I, the tre|)ted plants weighed 1.7 per cent, more in experiment 1 , and 
2.2 per cent, less in experiment 2 than the controls. There was thus no sig- 
nificant difference apparent from growing in highly ionize^ir. 

ExPEBIHENTS 3 AND 4 

Since the previous experiments show no differenc^by using bright light, 
and as Henbici^S results indicated that the effect on. assimilation was more 
pronounead in dim light, it was decided to grow two sets as in experiments 
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TABLE I 

BERin/TS or XXPOBINa bxan puntb to ionized aib 
Data fob thibtt-thbei: plants 



Expeeimsnt 1 

Fxpeeiment 2 

Tekated 

CONTEOL 

Teeated 

OONTEOL 


gm. 

gm. 

i ptn. 

gm. 

Fresh weight, tops 

406 

393 1 

376 

387 

Fresh weight, roots 

88 

95 1 

77 

82 

Dry weight, tops 

49.1 

47.9 

45 

46.1 

Dry weight, roots 

6.8 

7.1 

5.2 

5.3 

Total dry weight 

65.9 

55.0 

50.2 

51.4 

Weight of 33 seeds 

10.94 




Weight of 33 seedlings, dry ... . 

7.3 




Percentage increase during 





period of treatment 

766% 

763% 

688% 

700% 

Percentage difference of treated i 

+ 1.7% 


-2.2% 



1 and 2, except that the bright lights (1000 watts) were on for only eight 
hours and were replaced with 100-watt bulbs for the remaining sixteen hours 
of each day. Under this changed condition, the plants did not grow as well. 
They were shorter, the leaves were smaller and seemed less succulent. A 
large percentage of the blossom buds aborted, the immature blossoms falling 
off before maturing. There were no apparent differences between the treated 
plants and controls. The dry weight of thirty-three plants was much less 
than before (table II). The figures in the table indicate how uniform the 
conditions of growth must have been. 

Experiment 5 

Again using ionized air two hours in the morning (9 to 11 A. m.) and two 
hours in the afternoon (3 to 5 p. m.), and lighting each case with two 1000- 
watt bulbs, as in experiments 1 and 2, no significant effect was obtained 
(table II). 


TABLE II 

Besults using light op low intensity and ionization inteemittently 
DeY weights POE 33 PLANTS 


Expeeihent 

Teeated 

CoNTEOL 

Peecentage 

DIPrXEENCE 


gm. 

gm* 

% 

8 

34.0 

83.4 

+ 1.8 

4 

31.0 

31.0 

0.0 

6 

47.5 

48.7 

-2.5 
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In the above experiments with ionized air the radon tubes, rather than a 
spark discharge, were used because the high frequency could not be cut down 
to a point where the O3 produced did not kill the plants. Using the blue- 
white sparks direct from the secondary, with condensers in parallel, it was 
found that also here, unless the sparking and potential were cut down to a 
point where relatively very few ions were produced, the ozone was still exces- 
sive. Badon produced no detectable O3. 

Experiment with ozone 

In this experiment the procedure was to start with applications of rela- 
tively high concentrations of ozone, 1 part in 50,000 to 100,000 of air, in which 
ease results were visible in a few minutes, and then decrease the concentra- 
tion until either no toxic or no beneficial effects were indicated. Bean plants 
were used as before. 

It was found, first, that concentrations of one part of ozone in 100,000 
of air resulted in a wilting of the leaves in 15 to 30 minutes. The lower and 
older leaves succumbed first, while the very youngest were not affected. The 
ozonizer was then disconnected and the plants allowed to recover, .if still 
capable of doing so. The wilted leaves did not recover but became bleached, 
giving a yellow enameled appearance. In those less affected there remained 
green stripes along the larger veins, while in others the part of the leaf near- 
est the stalk appeared unaffected. 

The topmost younger and not fully expanded leaves were unaffected. The 
plants were allowed to continue to grow, but, although they bloomed at the 
same time as the controls, they were stunted and their dry weight, including 
the bleached leaves, was only three-fifths as much. 

With concentrations of one part of ozone in 1,000,000 of air applied only 
for periods of 30 minutes twice daily, the plants presented a somewhat 
stunted and dried up appearance, and in eight days brown spots appeared 
on the older leaves. If this concentration was applied continuously, the 
plants showed a slightly withered appearance of the leaves and brown spots 
appeared on the second day. 

With a concentration of 1 part in 3,000,000 of air there was no noticeable 
desiccated appearance of the leaves, and the spotting occurred in four days, 
always on the older leaves. If the application was continued after this, the 
spots increased in size and the leaves dried up and fell off, the younger leaves 
gradually being affected, and then the stem. 

With concentrations of 1 part in 6,000,000 of air the spotting did not 
occur until the twelfth day, the plants appearing normal until then. 

With a concentration of 1 part of ozone in 8,000,000 of air, a slight speck- 
ling was showili in three weeks. 

Another set of plants was grown at a concentration of 1 part of ozone in 
10,000,090 of air, applied during two one and one-half -hour periods daily, 
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and another set at a concentration of one part in 17,000,000 of air continu- 
ously for eighteen days. In neither case was there any noticeable change 
in appearance nor significant difference in the dry weights which were 41.8 
and 43.4 gm. for the two treated lots respectively, and 42,9 gm. for the con- 
trol. 

In the above cases of spotting, closer examination showed that the spots 
originated mostly in the islets between the smaller veins, where there was also 
a greater density of stomata. The affected cells appeared* darkened, desic- 
cated, and collapsed. Similar effects at like concentrations were found for 
such plants as AbutUon and Coleus. 

Since it was noted that ozone in sufficient concentration had a bleaching 
action on chlorophyll and it seemed reasonable to assume that such a strong 
oxidizing agent might accelerate respiratory or aging processes, it was de- 
cided to try the effect of different concentrations of ozone on the rate of 
ripening of green bananas and tomatoes. Results indicated that no change 
occurred in the rate of ripening of bananas or tomatoes. The conditions 
were such that the fruit ripened excellently, but unless sufficient concentra- 
tions of ozone were used to produce brown spots, no effect was noted. Much 
higher concentrations of ozone (1 part in 30,000) were required to spot the 
fruits than was found to so affect the leaves, probably due to the lack of 
stomata and greater cutinization of the epidermis of the fruits. 

The Tesla coil and discharge box being available, it was thought advisable 
to determine what effect, if any, the Tesla discharge might have on dry and 
germinated seeds. Consequently dry seeds and germinated seedlings of com 
and sunflower were treated for periods of various lengths. The seeds and 
seedlings were suspended on a heavy sheet of paper between the discharge 
points of the two plates. Only the fine spray sparks were used and not the 
cracking ones, also various point distances were used. They were thus sub- 
jected to an intense high frequency field and a high concentration of ozone. 
No effect was noted on the growth of the plants unless the seeds were exposed 
for as long as 12 minutes at a point distance of 4 cm. and frequency of 
4,500,000 cycles per second. This treatment resulted in stunted plants, most 
of which did not continue to grow after eight to ten days, although none of 
the seeds were killed outright by the treatment. 

Discussion 

The writer thus finds that the results of Koernicke, and of Lipperheide 
to the effect that ionization of the air promotes growth are not confirmed. 
The writer used a much higher degree of ionization, both continuously and 
intermittently, than did Lipperheide ; also, the degree of ionization varied 
greatly between the entrance and exit, and no effect of ionization gradient 
was noted. It is not likely that such low degrees of ionization as Lippeb- 
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mam must have used could have had any effect on growth. His lack of 
descriptive information makes it impossible to duplicate his conditions. We 
cannot use increased ionization of the air, therefore, to explain some of the 
previous results of electroculture but must fall back on criticism of control 
of conditions. 

In regard to ozone, the necrosis of only local areas at first, and these on 
the older leaves, is diflScult to explain. Usually with toxic gases the younger 
parts are first attacked. Microscopic examination showed that the spotting 
occurs in areas where the stomata are more numerous. It is suggested that 
the action of ozone is partly the saturation of lipoid compounds in the cell 
membranes, resulting in loss of semipermeability, wilting, oxidation of cell 
contents, and death of the cell. 

Since it is diflSicult to summarize completely the errors in previous work 
that indicate opposite results to those described in this paper without too 
much repetition, the reader is referred to the section on results of previous 
investigators. It may be said here, however, that major mistakes resulted 
from not isolating the factors, not measuring the conditions, measuring rates 
of production of ions rather than concentration (actual number per cc.), not 
controlling other conditions, such as humidity, light, etc., not using a suffi- 
cient number of plants, and the use of very weak sources of ionization. The 
reader is requested to check the methods developed in this paper to assure 
himself that the technic here used did not admit of any conditions that would 
invalidate the results. 

It may be said that in the experiments herein described plants for the first 
time have been grown for a period in conditions where the factors of ioniza- 
tion of the air, and ozone, were isolated. The writer contends that examina- 
tion of growth over a period (from seedling to blossoming) is more likely to 
show the effects of these factors than measurements of assimilation or respi- 
ration over short, intermittent periods. 

Summary 

1. Plants grown in highly ionized air (1,100,000,000 ions to 21,000,000 
per cc.) showedvno significant changes in appearance or dry weight over con- 
trols, whether the treatment was applied continuously or intermittently with 
bright or with dim illumination. 

2. Ozone is toxic and produces necrotic spots with final desiccation of the 
leaf in coneentrati^on of 1 part in 1,000,000 to 1 in 8,000,000 of air. 

3. Lower conof^trations of ozone, which are still easily detectable by odor, 
produce no stimulation of growth or other effects on the appearance of the 
plants. 

4. Higher t^oneentrations, about 1 part in 100,000, produce prompt wilt- 
ing and bleaching, the older leaves succumbing long before the younger upper 
ones. 
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5. Ripening processes in tomato and banana are not accelerated by 0,. 
High concentrations produce spotting. These are much higher than concen- 
trations required for spotting of leaves. 

6. A Tesla discharge had no effect on dry or germinated seeds unless 
exposure was for twelve minutes, when stunted plants that did not develop 
were produced. 

7. A method is developed that would be applicable to a study of the effects 
of different gases on plants under controlled conditions. 

Untoseskty or Chicaoo 
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INTENSITY OF REMOVAL OP CATIONS FROM COTTON, CORN, 
AND SOY BEAN TISSUE BY FRACTIONAL 
ELECTRODIALYSIS‘ 

H. P. CoopxK, W. E. Padkn, and E. L. Smith 
(with one btqure) 

Introduction 

In a consideration of the characteristics of various plants a number of 
empirical studies have been made on the soil fertility requirements, shade 
tolerance, and food value of plants grown under varying environmental con- 
ditions (2, 3, 4, 5) . There seemed to be some correlation between the rela- 
tive strength of ions required by plants for optimum growth and the quality 
of light required. Certain plants which grow successfully in the shade may 
utilize relatively more of the weak nutrient ions. It might be expected that 
plants which have the ability to utUize weak nutrient ions and tolerate shade 
would synthesize organic compounds of relatively low quality energy value. 
These general observations lead to a consideration of the application of cer- 
tain of the modem concepts, which have been useful in chemistry and 
physics, to soil fertility and mineral nutrition studies of plants. 

Since every form of energy may be considered as compounded of two 
factors, one the intensity factor and the other the capacity factor, it is desir- 
able to know the relative importance of these two factors in biological reac- 
tions. The data reported are concerned with the intensity factor and only 
incidentally with the capacity or quantity factor. It is believed that the 
life processes are more intimately concerned with the intensity factor of 
energy. 

The recent interest in the studies of soil colloids has led to new concepts 
concerning soil chemistry and the availability of nutrients in the soil. In a 
recent paper (4) special consideration has been given to the intensity of 
removal of added cations from soil colloids by electrodialysis. It was found 
that there is a differential in the intensity of removal of certain cations 
from soils, and that there is a correlation between the intensity of removal 
and the strength of ions. The strongest ions were removed most rapidly 
from the soil. The oxidation-reduction potential values were found to be 
useful in predicting the intensity of removal of cations from soils by electro- 
dialysis (3, 4, 6). Since there is apparently a correlation between the in- 
tensity of removal of some nutrient ions from the soil and the intensity of 
their absorption by certain plants, one might expect that there would also 

1 Contributioa from the Department of Agronomy, South Carolina Agricultural Experi- 
ment Station, Clemson, South Carolina. Technical contribution no. 53 (new series). 
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be a differential in the intensity of removal of cations from plant tissue by 
electrodialysis. In order to secure data on this subject electrodialysis 
studies were made on the tissue of a number of crop plants. 

Electrodialysis studies of plant tissue 

The intensity of absorption of nutrient ions by plants would be expected 
to be correlated with the intensity of their removal from soil by electrodi- 
alysis. It is well known that certain plants differ markedly in the ions 
which they selectively absorb. As there is such a variety of conditions deter- 
mining the intensity of absorption of nutrient ions, such as permeability of 
root membrane, utilization of ions, and formation of insoluble compounds, 
it is very difficult to determine the order of intensity of absorption of ions 
by different plants. However, it is believed that fractional electrodialysis 
studies of plant tissue will serve to establish the general relationship between 
the relative strength of ions and their intensity of absorption, mobility in 
tissues, and utilization by certain plants. 

In order to determine the intensity of removal of cations, fresh samples 
of cotton, corn, and soy bean tissue were electrodialyzed in a Loddesol 
electrodialysis apparatus (8), and analyses of the diffusate collected at suc- 
cessive intervals for a total of 29 to 32 hours. The usual analytical methods 
employed in soil studies were used for the determination of cations removed 
from the plant tissue (12). The uranyl -zinc-acetate method (1) was used 
in some of the determinations of the sodium content of the diffusate. 

The data secured in these studies are shown in table I and in figure 1. 
The milliequivalents (ml. eq.) removed during each extraction period per 
100 gm. of fresh plant material and the percentage of the total milliequiva- 
lents for each element are included. The percentage removal of the various 
metals for each extraction period shows that there is a differential in the 
intensity of removal of cations from plant tissue. 

The percentage of the total amounts of potassium, sodium, calcium, and 
magnesium extracted from cotton tissue during the first hour period was 
91.40, 49.57, 31.10, and 1.60 per cent., respectively. During the 3- to 5-hour 
extraction period, the above quantitative relations were reversed. The per- 
centage of the total amounts removed was 0.50, 5.18, 11.90, and 60.20 per 
cent., respectively. 

In the studies cm corn and soy bean tissue, the first four extraction 
periods were o^e-quarter of an hour each. The fifth and sixth periods were 
one-half an hour each. The percentage of the total amounts of potassium, 
sodium, < calcium, and magnesium extracted from com tissue during the first 
quarter-of-an-hour period was 81.55, 22.23, 13.19, and 2.25 per cent., respec- 
tively. Likewise the figures for the studies on soy bean tissue were 43.09, 
36.47, 1.73, Md 1.46 per cent., respectively. 



TABLE I 

Intinsity of extbactiok of cations from fersh cotton, corn, and soy bran tissiie by 

FBACnONAXi SLBCTB0DIALYSI8 IS CORRELATED WITH THE ELECTROMOTIVE fflCRtlCS 


Period <w 

EXTRACTION 

MILLIEQITIVALENTS per 100 OM. OF FRESH TISSUE 

K 

Na 

Ca 

Mo 

hr. 

17i2. eq. 

% 

ml, eq. 

% 

ml, eq. 

% 

mi,eq. 

% 





Cotton 




0- 1 

7.397 

91.40 

1.750 

49.57 

18.360 

31.10 

0.200 

1.60 

1- 2 

0.459 

5.70 

0.065 

1.84 

18.280 

31.00 

0.280 

2.20 

2- 3 

0.028 

0.40 

0.116 

3.28 

8.440 

14.40 

0.480 

3.80 

3- 5 

0.038 1 

0.60 

0.183 

5.18 

7.000 

11.90 

7.680 

60,20 

5- 7 

0.002 

0.00 

0.297 

8.41 

2.080 

3.50 

3.180 

25.20 

7-9 

0.015 

0.20 

0.189 

5.35 

1.410 

2.30 

0.320 

2.50 

9-11 

0.023 

0.30 

0.207 

5.86 

1.160 

2.00 

0.160 

1.30 

11-13 

0.043 

0.50 

0.146 

4.13 

0.840 

1.40 

0.160 

1.30 

13-21 

0.056 

0.60 

0.342 

9.68 

0.720 

1.20 

0.160 

1.30 

21-29 

0.033 

0.40 

0.235 

6.65 

0.800 

1.20 

0.080 

6.30 

Total extracted 

8.094 

100.00 

3.530 1 

100.00 

59.090 

100.00 

12.600 

1 100.00 





Corn 




0.00-0.25 

2.228 

81.65 1 

0.081 

22.23 

0.592 

13.19 

0.079 

2.25 

0.25-0.60 

0.451 

16.51 

0.125 

34.72 

1.923 

42.84 

0.039 

1.11 

0.50-0.76 

0.063 

1.94 1 

0.053 

14.75 

1.005 

22.39 

0.720 

20.50 

0.75-1.00 



0.072 

19,98 

0.326 

7.26 

1.174 

33.44 

1.00-1.50 



! 

0.030 

8.32 

0.209 

4.66 

0.987 

28.10 

1.50-2.00 






0.107 

2.38 

0.414 

11.79 

2- 3 







0.128 

2.85 

0.030 

0.85 

3- 4 





0.122 

2.72 

0.030 

0.85 

4- 6 S 



1 


0.056 

1.25 

0.039 

1.11 

6- 8 



' 


0.021 

0.46 



8-32 

Trace 


Trace 


Trace 


Trace 



Total extracted 

2,732 

100.00 

0.361 

100.00 

4.489 

100.00 

3.612 

100.00 





Soy bean 




0.00-0.25 ' 

2.069 

43.09 

0.217 

36.47 

0.173 

1.73 

0.049 

1.46 

0.25-0.50 

2.236 

46.80 

0.274 

46.05 

0.887 

8.85 

0.020 

0.60 

0.60-0.75 

0.435 

9.10 

0.074 

12.44 

2.387 

23.81 

0.030 

0.90 

0.75-1.00 

0.049 

0.01 

0.030 

5.04 

1.387 

13.83 

0.049 

1.46 

1.00-1.60 

Trace 


Trace 


1.780 

, 17.75 

0.030 

0.90 

1.60-2.00 







1.224 

12.21 

0.928 

27.75 

2- 3 






0.796 

7.94 

1.236 

36.93 

3^ 4 





0.424 

4.22 

0.543 

16.22 

4- 6 





0.587 

6.85 

0.087 

2.60 

6- 8 





0.219 

2.18 

0.138 

4.12 

8-10 





0.051 

0.51 

0.069 

2.06 

10-12 







0.036 

0.36 

0.030 

0.90 

12-14 






0.021 

0.21 

0.039 

1.17 

14-16 







0.010 

0.10 

0.030 

0.90 

• 16-24 



........... 



0.030 

0.30 

0.039 

1.13 

24-32 





0.015 

0.15 

0.030 

. 0.90 

Total extracted i 

i 

4.779 

100.00 

0.595 

100.00 

10.027 

100.00 

3.347 

100*00 
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Fig. 1. Percentage of the total milliequivalents of cations removed from 100 gm. of 
fresh cotton tissue at various intervals by fractional dialysis. 

The order of intensity found in these studies is in agreement with the 
findings of Moore, Reeves, and Hixon (9), who reported that most of the 
potassium and sodium was removed from apple tissue during the first hour 
of electrodialysis. Neller (10) found that potassium was readily removed 
from apple tissue. 

The data from the fractional electrodialysis studies of plant tissue show 
the same order of intensity of removal of cations as was found in the soil 
studies (4). The establishment of the correlation between the oxidation- 
reduction potential values, the ionization-potential values, and the intensity 
of removal of cations from soil and plant tissue may be very significant in 
certain soil and plant nutrition studies. As there is a close relation between 
the intensity of removal of ions from the soil by electrodialysis and the in- 
tensity of their absorption by certain plants, and also the quality of radiant 
energy required for the assimilation of certain nutrient salts, some oxida- 
tion-reduction reactions occurring in growth processes may be of special 
interest. 


Some common oxidation-reduction reactions occurring in 
physiological processes 

Since there is apparently a close relation between the intensity of removal 
of ions fropa seal colloids and plant tissue by electrodialysis and the relative 
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strength of ions, it is interesting to consider the significance of these rela- 
tions in plant nutrition studies. As there is apparently a close correlation 
between the strength of ions and the intensity of their absorption by plants, 
it would seem reasonable to expect that there would be a close correlation 
between the relative strength of ions required by plants for optimum growth, 
the quality of light required for their assimilation, and the food value or 
quality of energy supplied by certain organic compounds. 

Some of the important energy relationships represented by the light 
absorption bands of chlorophyll are in close agreement with the free-energy 
decrease in the formation of certain common nutrient salts, and with the 
energy required for the reduction of common nutrient anions such as 
nitrates, borates, carbonates, and phosphates (3). 

Most plant life is dependent upon the nutrient salts and the absorption 
of light energy from the sun. It might be expected that there would be a 

TABLE II 

Some common equivalent oxidation-reduction reactions occurring in certain physi- 
ological PROCESSES WHICH TAKE PLACE ON APPROXIMATELY THE SAME ENERGY LEVEL* 

Approximate equivalent energy in solar spectrum ranges from 0.41 to 4.20 volt- 
Faradays, which is equivalent to 30,000 to 2900 Angstroms 


BeACTION and EQinVALENT ENERGY 

= volt-Faradays 

INVOLVED 

Equivalent light energy 

Angstroms 

COLOR 

no; 


no: 

+ 

0 

+ 

1.05 

1 11757 

Infrared 

HsO + O 

- 

hA 



-1- 

1.03 

1 11985 

Infrared 

CuCla 

=: 

Cu 

+ 

2C1 


1,01 

12223 

infrared 

++ 

Mn 

- 

+++ 

Mn 



+ 

1.07 

11537 

Infrared 

Bor' 


Bo; 

+ 

0 

+ 

1.77 

6974 

Bed 

FeCl, 

= 

Fo 

+ 

2C1 

+ 

1.78 

6935 

Bed 

HgAsO* 


HgAsO; 

+ 

0 

4- 

1.98 

i 

6235 

Orange 

CrCla 

=: 

Cr 

+ 

2a 

4- 

1.90 

6497 

Orange 

H,co; 


HaCo; 

+ 

0 

4- 

2.85 

4332 

Violet 

MgCh 

= 

Mg 

+ 

2a 

4- 

2.85 

4332 

Violet 



iigpo; 

+ 

0 

4- 

3.35 

3685 

Ultraviolet 

CaC.O. 


Ca 

+ 

C*04 

4- 

3.35 

3685 

Ultraviolet 

Hj>o; 


HaPO; 


0 

+ 

3.79 

3257 

1 Ultraviolet 

CaOl, 

= 

Ca 


201 

4- 

3.85 

3206 

Ultraviolet 

OaHPOx 

decomposition potential 


4.20 

2939 

Ultraviolet 

Effective rays 

in preventing rickets 



4.16 

2968 

Ultraviolet 


^ These values were obtained from International Critical Tables 6: 169-207. 1929. 
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close relation between the salts used by plants and the quality of radiant 
energy absorbed by them. 

Little attention has been given to the definite correlation between the 
quality of the free-energy decrease in the formation of nutrient materials 
and light absorption by plants. Certain data have been compiled to suggest 
to those interested in photosynthesis studies the possible significance of these 
relationships in a study of the soil fertility and light requirements of plants 
and the quality of the energy supplied by certain food materials. 

Some of the common oxidation-reduction reactions occurring in nutri- 
tional processes are compiled and included in table II. Since the higher 
plants depend upon energy from the sunlight for growth, it is desirable to 
consider the energy relationships involved in terms of volt-Faradays, wave 
length in Angstroms, and color of light. All of these values can be con- 
verted from one to another very easily by the use of Einstein’s photochemi- 
cal equation. This equation and the factors used in conversion of one mode 
of expression of energy into another were taken from International Critical 
Tables (7) and Richtmyer (11), and are as follows: 

Nhv = Nh-r* 

A 

12345 

volt-Faradays 
gram calories 
23058 

volt-Faradays x 23058. 

The conversion of the energy values involved in various reactions into 
equivalent volt-Faradays, Angstroms, and color of light shows more clearly 
the relationship between each of these values. 

The reactions which occur on approximately the same energy level, and 
which may be effective in bringing about certain oxidation-reduction reac- 
tions necessary in physiological processes, are arranged in groups. It has 
been observed that on certain soils relatively high in nitrates there has been 
a marked response to application of copper, and in some instances to manga- 
nese. These responses are very probably related to their effect upon oxida- 
tion-reduction reactions. The greatest growth response observed from addi- 
tions of borotf to nutrient media seems to be in complexes where iron may 
not be readily available. There is also a relation between magnesium chlo- 
ride and the reduction of the carbonate ion, which is a very important reac- 
tion in photosynthesis. Some of the important reactions, such as the reduc- 
tion of nitrates to nitrites, the formation of hydrogen peroxide, the free 
energy decrease in the formation of cupric chloride (CuClg), and the change 


E = 

Angstroms = 

Volt-Faradays = 
Gram calories = 



COOPER, PAOEN AND SMITH : PRACTIONAL ELECTBODIALTSIS 


985 


of valence of manganese from Mn'^ to are on approximately the same 
energy level. Likewise there is a close relation between the reduction of the 
borate ion to the borite ion and the free-energy decrease in the formation of 
ferrous chloride (FeClg) ; between the reduction of the carbonate ion to the 
carbonite ion and the free-energy decrease in the formation of magnesium 
chloride (MgClg) ; and between the reduction of the phosphate ion to the 
phosphite ion and the free-energy decrease in the formation of calcium oxa- 
late (CaCgO^). The decomposition potential of di-calcium hydrogen phos- 
phate (CaHP 04 ) and the rays effective in the prevention of rickets in ani- 
mals under certain conditions require approximately the same quality of 
energy. 

It is believed that there is a definite relation between these reactions 
which take place at approximately the same energy level and that a careful 
study of these reactions will be of great value in solving some of the complex 
problems in nutrition. One might consider the close agreement between 
these values as a simple coincidence and that they need not necessarily bear 
any significant relationship one to the other. However, the possibility that 
these reactions may have a definite relationship would seem to merit careful 
consideration. 

As there is a direct correlation between the strength of atomic metallic 
ions and their removal from soils by electrodialysis as well as their selective 
absorption by plants, a correlation would be expected between the optimum 
strength of nutrient ions required by plants, the quality of light required 
for their normal growth, and their shade tolerance. It is interesting to note 
that there is a very close correlation between the energy relationships repre- 
sented by the light absorption bands of chlorophyll, the decomposition or 
discharge potentials of certain nutrient salts, and the quality of the energy 
necessary for the reduction of some common nutrient anions such as nitrates, 
borates, carbonates, and phosphates. 

The relationships discussed in this paper are what one might expect 
from the known physical and chemical properties of the materials con- 
sidered. A utilization of the modern concept in physics and chemistry to 
biological problems will make it possible to do more inductive research 
instead of depending largely upon results secured from empirical methods. 

Summary 

1. Samples of plant tissue were electrodialyzed in order to determine the 
intensity of removal of the various metals. The data presented illustrate 
very clearly the differential in the intensity of removal of various metals 
from plant tissue. The strongest ions are removed most readily from the 
plant tissue. Large proportions of the strong potassium and sodium ions 
were found in the first fractions of the diffusate. The fractional electrodi- 
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alysis studies on the intensity -of removal of metallic ions from soils and 
from plant tissue, as would be expected, are in complete agreement. 

2. A definite relationship exists between the intensity of removal of 
nutrients from the soil and the intensity of their absorption by plants. 
Therefore, it would seem logical to expect a definite relationship between 
the strength of ions used by plants, the quality of light required for their 
optimum growth, and the food value or quality of energy supplied by cer- 
tain organic compounds. 

3. Compiled data suggest that there is a relationship between certain 
common oxidation-reduction reactions and the free-energy decrease in the 
formation of certain nutrient salts, and also between the energy required 
for the reduction of certain nutrient anions, such as nitrates, borates, car- 
bonates, and phosphates, and the quality of the light necessary for the opti- 
mum assimilation of the various nutrient materials by plants. 

South Caeolina Agricultubal Experiment Station 
Olemson, South Carolina 
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LEAP TEMPERATURES OP SUGAR CANE 
C. F. Mobsland 


Since the results in the literature are at considerable variance regarding 
leaf temperatures with reference to the surrounding air temperature, the 
writer thought it would be of interest to check some leaf temperatures in a 
different section of the country from those previously reported. The investi- 
gations of Curtis (2) were performed at Berkeley and Riverside, California, 
and those of Clum (1) at Ithaca, New York. The results of Miller and 
Saunders (6) were obtained in Kansas, and those of Baton and Belden (4) 
in Arizona. 

Material and methods 

The writer’s experiments were carried out in the fall of the last year at 
Baton Rouge, Louisiana. Some of the experiments were performed under 
field conditions while others were with cut plants in the laboratory. 

Sugar cane, variety P.O.J. 213, was used as experimental material. The 
plants used were in the variety test plots at the Louisiana Experiment Sta- 
tion, Baton Rouge. At the time of the experimentation the plants were 8 to 
10 feet high. 

Thermocouples made of copper and constantan wires (30 gauge) were 
used for making the temperature readings. The temperatures were ascer- 
tained in two different ways. Under field conditions, the standard junctions 
of two thermocouples were fastened against the bulb of a thermometer by 
means of a small rubber band. The thermometer together with the thermo- 
couples was then placed in a thermos bottle filled with water having a tem- 
perature about that of the air. The other junction of each thermocouple 
was placed as follows : No. 1 was passed through the leaf and the wires bent 
in such a way that the junction was in contact with the lower epidermis of 
the ledf , or, in some cases, no. 1 was inserted into the mid- vein from the lower 
side of the leaf. No. 2 was allowed to hang in the shade of the box used to 
convey the apparatus, or, in some cases, was allowed to hang in the direct 
sunlight. The two leads from the thermocouples were attached to a multiple 
switch and thence to a galvanometer (Leeds & Northrup no. 2420 B). With 
this outfit, the direction and amount of deflection of the galvanometer were 
tabulated. The temperaturp of the water in the thermos bottle, being near 
that of the air, remained quite constant for the duration of each series of 
readings (about one hour). 

After the readings had been obtained (in the field) the galvanometer 
deflections were then calibrated (in the laboratory) against each thermo- 
couple. The standard junctions were placed in water adjusted to the same 
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temperature as under the experimental conditions. The other junctions 
were also fastened to the bulb of a thermometer as the standard junctions. 
These were placed in a beaker of water, the temperature of which was ad- 
justed at half -degree intervals until the deflections of the galvanometer cov- 
ered the entire range of the scale. From these deflections a graph was 
charted for each thermocouple and the deflections under field conditions 
were translated into temperatures. The accuracy of this method depends 
largely on the accuracy of the thermometer used, but, as Cubtis (2) has 
pointed out, the changes in leaf temperatures are so rapid and great that 
small differences in temperature (1/10° to 1/20° C.) are small enough to 
be of little importance. 

With this outfit deviations in temperature of only about 5° C. (2.5° 
above and 2 to 5° C. below the standard junction) could be determined. 
Since differences in temperature were often greater than this, the method 
was modified and a Leeds & Northrup student type potentiometer was used 
in conjunction with a standard cell and with the galvanometer described 
above. 

Since this apparatus was not mounted in such a way as to be portable, 
the top halves of cane plants were cut, placed immediately in water, and then 
brought to the laboratory. The cut plants were placed directly in front 
of a large south window which was open from top to bottom. There was no 
artificial heat being used in the building at the time. Owing to the angle 
of the sun’s rays at the time of the year the experiments were conducted, the 
plants were well exposed to direct sunlight in the middle of the day. 

In using the potentiometer the standard junctions of the thermocouples 
were placed in a thermos bottle filled with crushed ice and distilled water. 

Two sets of temperature readings were obtained under field conditions 
and three sets under laboratory conditions. 

Experimental results 

In the afternoon of October 16, 1936, the weather was clear but very 
windy. October 23 was again clear but not*kearly so windy as the previous 
week. The results of the temperature readings taken in the field on these 
two dates are given in tables I and II. It is to be noted that leaf tempera- 
tures are more variable under windy conditions than when the air is rela- 
tively still ; also, that there is a greater difference between the leaf tempera- 
ture and the surrounding air when the air is still. On October 16, when 
the wind was blustery, the temperature changes were so rapid that it would 
have been necessary to take amultaneous readings of leaf and air tempera- 
tures in order to make them entirely comparable for a given instance, as the 
temperature changes were very rapid. The galvanometer deflection would 
change 10 to 15 mm. (1 to 1.5° C.) in one or two seconds. 



MOBELAND; LEAF TEMPEEATUBES OF SUGAR CANE 


991 


TABLE I 

COHPABIBOK or TEMlItttATURB OP SUGAR CANE LEAVES AND BUEROUNDING AIR UNDER FIELD 
CONDITIONS ON A CLEAR WINDY (VERY) DAY. BELATIVB HUMIDITY 59 PER CENT. 

Beadxnos 3 : 00 to 4 : 00 P.M., October 16, 1936. Average based on 25 

READINGS. ^EAF TEMPERATURE OBTAINED BY THREADING THERMO- 
COUPLE INTO MIDRIB FROM LOWER SIDE OF LEAF 


Thermocouple 

NO. 

Relation to sunlight 

Temperature 

Direct 

sunlight 

Shade 

Minimum 

Maximum 

^^VERAGE 





^C. 


1 

leaf 


31.00 

32.50 

32.10 

2 

air 


29.50 

31.50 

31.15 

1 


leaf 

27.20 

27.50 

27.30 

2 


air 

28.00 

28.75 

28.30 


TABLE II 

Ck)MPARISON OF LEAF TEMPERATURES AND SURROUNDING AIR UNDER FIELD CONDITIONS ON A 
CLEAR AND SLIGHTLY WINDY DAY. RELATIVE HUMIDITY 63 PER CENT. READINGS 

3 : 00 TO 4 : 00 P.M., October 23, 1936. Average based on 10 
READINGS. Thermocouple threaded through leaf 
IN CONTACT with LOWER EPIDERMIS 


Thermocouple 

NO. 

Relation to sunlight 

Temperature 

Direct 

sunlight 

Shade 

Minimum 

Maximum 

A.VERAGB 







1 

leaf 


32.8 

33.5 

33.3 

2 

air 


27.1 

27.5 

27.4 

2 


air 

25.1 

25.4 

25.2 


In the laboratory the temperature readings were taken under three sets 
of conditions. The first set of readings was taken on a clear day between 
3 : 00 and 4 : 00 p.m. on November 3 (table III). Due to the season of the 
year and the time of the day, the sun’s rays were coming through the open 
window very obliquely. The next two sets of readings Were taken between 
11 ; 00 and 12 : 00 a.m., when the sun was almost directly in front of the 
window. However, the weather conditions were quite different on these 
last two days. On November 18, the day was partly cloudy, and sunshine 
alternated frequently with cloudy conditions owing to small patches of donds 
passing in front of the sun. Also at times the clouds were so thin that the 
sun would partly shine through them (a condition described as hasy in 
table IV). November 20 was a clear, quiet day. The temperature read- 
ings are given in table V. 
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TABLE III 

Comparison or tbmfebatuhes of sugar cans leavss and surrounding air in the lab- 
oratory, IN FRONT or AN OPEN WINDOW, ON A CLEAR DAT. EeLATIVE HUMIDITY 
86 PER CENT. Readings 3: 00 to 4: 00 p.m., November 3, 1936. 

Average based on 12 readings. Thermocouple threaded 
through leap in contact WITH LOWER EPIDERMIS 


Thermocouple 

j Relation to sunlight 

Temperature 

no. 

Bireot 

sunlight 

Shade 

Minimum 

Maximum 

Average 




®C. 

®C. 


1 

leaf 


25.15 

26.25 

25.49 

2 

air 


23.75 

25.25 

24.95 

1 


leaf 

23.25 

23.50 . 

23.41 

2 


air 

24.00 

25.00 

* 24.46 


TABLE IV 

Comparison op temperatures op leaves op cut sugar cane plants and surrounding 
Am IN THE laboratory ON A PARTLY CLOUDY DAY, RELATIVE HUMIDITY 63 
PER CENT. Readings 11: 00 a.m. to 12: 00 m., November 18, 

1936. Thermocouple threaded through leap 
IN contact WITH LOWER EPIDERMIS 


Thermo- 

couple 

NO. 

Relation to sunlight 




Temperature 

Direct 

SUN- 

LIGHT 

Shaded 

BY 

CLOUD 

Hazy 

i 

No. OP 
READINGS 

1 

Mini- 

mum 

Maxi- 

mum 

Average 

1 

leaf 



1 

3 

[ °c. 

28.25 

29.15 

1 

28.60 

2 

air 



3 

24.60 

26.25 

25.70 

2 > 


air 


8 

22.90 

24.90 

23.56 

1 


leaf 


8 

22.50 

23.50 

23.24 

1 



leaf 

7 

23.50 

26.90 

24.46 

2 

i 


air 

7 

213.40 

1 

26.00 

24.25 


Discussion 

The temperatures found for the sugar cane leaves, as compared with the 
surrounding air, were more in agreement with the temperature readings 
obtained by Curtis and Cluh than with those of Miller and Saunders and 
of Baton and Belden. The writer did not find leaf temperatures in direct 
sunlight, however, to be as much in excess of the surrounding air as did 
Cluh (1) or Curtis (2), who often found leaf temperatures 10® above the 
air temperatures. As shown in table V, the greatest average difference ob- 
served by the writer was 8.5® C. This difference was even less on a very 
windy day (4.5*^ 0.). Curtis (2) has suggested some probable reasons why 
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TABLE V 

Comparison op tempHiatuees of sugar canb leaves and surrounding air in tRb lab- 
oratory IN FRONT OP AN OPEN WINDOW ON A CLEAR DAY. BBLATIVE HUMIDITY 61 
PER CENT. Readings 11; 00 a.m. to 12: 00 M., November 20, 1930. 

Leap temperature obtained by threading thermocouple 
through leap and in contact with lower 
epidermis, or threaded into midrib 
FROM lower side OF LEAF 


Thermo- 

couple 

no. 

Relation to sunlight 

No, op 

READ- 

INGS 

Temperature 

Direct 

SUNLIGHT 

shade 

Mini- 

mum 

Maxi- 

mum 

Average 








1 

(on fniffaoo) 


15 

31.26 

38.25 

34.91 

1 

leaf (in midrib) 



10 

30.00 

36.75 

33.63 

2 

air 


15 

27.75 

31.25 

29.54 

2 


air 

10 

25.75 

27.00 

26.41 

1 


leaf (on surface) 

10 

25.00 

26.26 

25.61 


the data of some workers are at variance with those of others. He points 
out that the data of different investigators were obtained under different 
conditions of humidity and that this may influence leaf temperatures through 
its effect on infrared radiation. He points out also that different methods 
of obtaining the air temperature were used, and that great changes in the 
temperature of leaves in direct sunlight may be brought about by changes 
in rates of air flow. It seems to the writer that these differences in air move- 
ments, especially under field conditions, are significant. On October 16, 
when the wind was brisk, the average difference between the leaf temperature 
and the air (shade) was about 3° C., with a maximum difference of only 
4.5° C. On November 20, when the air was still, the average difference 
between the leaf temperature and the air (shade) was 8.5° C. or 7.22° C. in 
the midrib, with a maximum difference of about 12° C. or 11° C. in the 
midrib. As stated previously, these differences were probably not as great 
as this for any given instant of time, for with any two contiguous readings 
of the leaf and air temperatures the greatest difference observed was 6.25° C. 
There was not a great deal of difference in relative humidity on these two 
days. 

Of course, in comparing these two sets of data it must be borne in mind 
that the first were obtained under field conditions while* the latter were 
obtained in the laboratory where cut plants were used. While precautions 
were taken to disturb the transpiration rate of the cut plants as little as 
possible, there is a possibility that the rate may have been reduced owing to 
closing of the stomata. The plants showed no signs of wilting for the dura- 
tion of the experiment and were noted to be in good condition two days after 
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the experiment. The differeneeis could hardly have been due to difference 
in relative humidity because the higher temperatures, as compared with the 
surrounding air, were obtained when the relative humidity was lower. The 
results obtained under two different conditions in the field on October 16 
and 23, also indicate that air movements have more to do with leaf tempera- 
ture, as compared with the surrounding air, than differences in relative 
humidity. It is true that the greater differences between leaf and air tem- 
peratures were observed with a higher relative humidity ; but the difference 
in the relative humidity of these two dates was only 4 per cent. The average 
temperature difference between the leaf and air on October 16 (very windy 
day) was about 3° C. while on October 20 (slightly windy) the average 
difference was 8.1° C. As has been pointed out by Cubtis (8), the trans- 
piration rate should have been greater under the condition of the higher 
humidity because the 5°-C. rise within the leaf in excess of that within the 
leaves under the lower relative humidity should more than offset the 4 
per cent, difference in relative humidity. As shown in tables I and II the 
positions of the thermocouples for obtaining leaf temperature were different. 
In the first case the thermocouple was inserted into the midrib while in the 
second case it was in contact with the lower epidermis. This difference in 
position of the thermocouple may account for about 1 to 1.5° C. of the excess 
of the second readings over the first as compared to the surrounding air. 
This is shown in table V. 

This point is further emphasized by the fact that the difference in tem- 
perature between the leaf in the shade and the surrounding air was not very 
different with the difference in relative humidity. 

Siunmary 

1. Environmental conditions such as air movements seem to alter consid- 
erably the sugar cane leaf temperature as compared with the surrounding 
air. With strong movements of air about the leaf, the difference is slight 
(1° to 2° C.), but in still air the leaf in the sun is several degrees warmer 
(about 5° to 7° C.) than the air. 

2. Eelative humidity may also affect the leaf temperature as compared to 
the surrounding air but to a lesser extent than the movement of the air about 
the leaf. 

3. The sugar cane leaf in the shade is slightly cooler (about 1° C.) than 
the surrounding air, 

LouieuNA State Ubitixsity ‘ 

Baton Bouox, Louisiana 



MORELAND: LEAP TEMPERATURES OP SUGAR CANE 


995 


LITEBATUEB CITED 

1. Clum, Harold H. The effect of transpiration and environmental fac- 

tors on leaf temperatures. I. Transpiration. Amer. Jour. Bot. 
18:194-216, 1926. 

2. Curtis, Otis F. Leaf temperatures and the cooling of leaves by radia- 

tion. Plant Physiol. 11 : 343-364. 1936. 

3. . Comparative effects of altering leaf temperatures and 

air humidities on vapor pressure gradients. Plant Physiol. 11: 
595-603. 1936. 

4. Eaton, Frank M., and Belden, Galen 0. Leaf temperatures of cotton 

and their relation to transpiration, varietal differences, and yields. 
U. S. Dept. Agr. Tech. Bull. 91. 1929. 

5. Miller, Edwin C., and Saunders, A. R. Some observations on the tem- 

perature of the leaves of crop plants. Jour. Agr. Res. 26: 15-43. 
1923. 




BRIEF PAPERS 


SEASONAL VARIATION IN ELONGATION OP YOUNG 
SEEDLING RADICLES 

In October, 1935, we made determinations of the elongation during a 
twenty-four hour period, at optimum temperature, of the young seedling 
radicles of lentil, cress, and sunflower. "When we repeated the tests in 
January 1936, we found the elongation in each instance to be decidedly less. 
But another series of tests made in May 1936 — ^using, of course, seed from 
the same lots — gave an elongation equal to or greater than that observed 
the previous October. 


Methods and results 

Seeds of lentil (Lens esculenium L.), of cress (Lepidium sativum L.) 
and of sunflower (Helianthus annuus L.) were germinated on strips of 
blotting paper disposed vertically along the inside wall of a metal moist- 
chamber and kept wet by capillarity downwards, according to the method 
previously described by one of us (1). When the young radicles were about 
5 cm. long, the seedlings, still attached to the strips of blotting paper, were 
placed with the radicles suspended vertically along the inside wall of a moist 
chamber consisting of a 500-cc. pyrex beaker (tall form) covered with a 
petri dish, and this again placed in a 6 x 9-inch battery jar covered with a 
glass dish. Water on the bottom of beaker and battery jar, and wet blotting 
paper along the inside wall of each, insured the maintenance of atmospheric 
humidity close to saturation. Strips of paper over the upper edge of beaker 
and of battery jar kept the glass cover in each case slightly raised, and 
permitted circulation of air. 

The moist chambers containing the seedlings were placed in a metal-lined 
incubator with adjustable temperature constant to ± C. A fan within 
the incubator chamber promoted circulation of air and rapid adjustment of 
temperature. The test period was twenty-four hours. At the start of the 


TABLE I 

JSLONOATION or YOUNG SEEDLINO RADICLES IN MOIST CHAMBER 


Plant 

Temp. 

Average elongation jn 24 hours 

Oct. 1935 

Jan. 1936 

May 1936 


oC. 

mm . 

mm . 

mm . 

Lentil 

28 

27 

19 

34 

Cress 

28 

33 

20 

40 

Sunflower 

32 

66 

35 

60 
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test the paper strip bearing the seedling was in each instance cut at the 
length of the radicle ; the extension of the radicle beyond the cut end of the 
strip at the end of the test period was, therefore, a measure of its elongation 
during that period. The figures in the following table represent, in each 
case, the average of not less than 30 measurements. 

Discussion 

Hoaoland (2) has noted a marked seasonal variation in root growth of 
barley plants in solution culture, which he is inclined to ascribe to seasonal 
differences in quality or intensity of illumination. Likewise, White (3) 
has observed a seasonal fiuctuation in the growth rates of excised tomato 
root tips, which he considers explainable by variations in laboratory tem- 
perature. But our determinations of amount of elongation of radicles in 
a twenty-four hour period were made in a fairly light-tight incubator in 
which the set temperature was maintained to ±: i° C., so that the seasonal 
variations in amount of elongation noted by us cannot well be attributed to 
differences of illumination or of temperature during the test period. 

Instead, we are inclined to associate them with the seasonal differences 
in ventilation conditions in the laboratory. Doors and windows are kept 
closed more during the winter months ; and consequently, it is to be expected 
that during the cold weather season the air in the laboratory tends to contain 
higher concentrations of the vapor of compounds contained in, or associated 
with the use of illuminating gas, paints and oils, varnishes, lacquers, and the 
like. We have found a number of such substances, even when in extremely 
low concentration in the air, to have marked influence on the elongation 
of young seedling radicles. — M. A. Raines and C. W. Travis, Howard 
University, Washington, D. C. 
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application of the chlorate method for determining 

NITROGEN TO LIGHT, FLUFFY MATERIALS" 

In using the chlorate method® for determining total nitrogen in plant 
tissues, it was found that certain coarse, fluffy materials tend to float on the 
acid and to be carbonized, out of contact with the oxidizing reagent. This 
causes loss of nitrogen. The method, as previously described gives satis- 
factory results on green vegetative and woody tissue, since they are heavy 
and stay in the oxidizing solution. Further work on the method shows that 
fluffy materials, such as dry grass, must at all times be in contact with excess 
of oxidizing reagent during the heating period, or oxides of nitrogen are 
likely to be lost. 

To make the method reliable for a wider range of materials and to 
make it unnecessary to grind very fine, the following modified procedure is 
recommended : 

Put 100 to 300 mg. of dry tissue, or 500-1500 mg. of green tissue, into 
a 200-cc. Erlenmeyer flask. There should be at least 0.5 mg. of nitrogen 
in the sample used. Add 2 cc. of 50 per cent, sodium chlorate solution for 
each 100 mg. of dry sample, or each 500 mg. of green sample. Mix well 
with the sample and allow to soak a few seconds. Add 25 cc. of 52 per cent, 
by volume sulphuric acid and attach the flask to a water-cooled reflux con- 
denser. Arrange the connections to the condenser in such a manner that 
the flask can be shaken readily. Heat rather slowly at first. When the 
reaction begins to become active, shake to wash down particles from the sides. 
Do not allow blackening of particles on the sides of the flask if it can be 
helped. However, if the particles of samples have been soaked with a 50 
per cent, chlorate solution some blackening does no harm. Heat until the 
sample is completely gone (2-3 minutes). Stop the heating while there is 
still a very faint yellow chlorine color. Flush out the condenser with two 
successive 5-cc. portions of 52 per cent. H 23 O 4 , and cool the flask in a cold 
water bath. After detaching, cool to room temperature. 

Make the cooled solution up to a convenient volume. If the quantity of 
nitrogen present is small, the volume should be as small as possible. Imme- 
diately put exactly 1 or 2 cc. (use an accurately calibrated pipette) of the 
solution into a 25-cc. test tube and add 3 or 6 cc. of phenoldisulphonic acid, 
mix well, and allow to stand about i minute. (If a very reddish solution 
forms here, the heating was not continued long enough to decompose excess 
chloric acid. The solution should remain almost colorless.) Wash into a 

1 The investigation reported in this paper is in connection with a project of the Ken- 
tucky Agricultural Experiment Station and is published by permission of the Director. 

*Emmeet, E. M. Method for quickly determining nitrogen in plants, and soluble 
nitrogen as a measure of the nitrogen available for anabolic processes. Plant Physiol, 10: 
356-364. 1935. 
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200-ec. Erlenmeyer with about 10 or 20 ec. of water and make alkaline with 
40 per cent. NaOH solution, adding it until the maximum yellow color is 
produced and a small excess of alkali is present. Make to a volume which 
brings the yellow color near to the standard. After thorough mixing, the 
clear solution is compared with a standard (1 ce. = 0.0025 mg. N) in a 
colorimeter. 

Discussion 

Soaking with chlorate solution causes all particles to be completely oxi- 
dized without loss of oxides of nitrogen. Close checks with the Kjeldahl 
method were obtained with all types of samples tried so far, except pyridine 
and quinoline ; but even the Kjeldahl method does not give accurate results 
with these compounds. Quite coarse samples are digested rapidly. A very 
important point is to cool the solution to room temperature aften digestion 
and before adding the phenoldisulphonic acid. In hot solutions there is 
danger of loss of nitrosyl chloride, and even oxides of nitrogen, but there is 
no loss if the reaction between phenoldisulphonic and nitric acids takes place 
at room temperature. This point was not emphasized in the previous descrip- 
tion of the method, and loss of nitrogen oxides may cause low results if 
precautions to cool to room temperature are not taken. 

The following table presents results obtained on flufEy, coarse samples; 

Chlorate Kjeldahl 

method method 


1. Bluegrass 2.22 2.10 

2. “ 2.80 2.91 

3. “ 2.59 2.64 

4. “ 2.20 2.15 

5. “ 2.15 2.16 

6. Oats 3.70 3.68 

7. Alfalfa 3.81 3.74 

8. Tobacco 5.03 5.05 


Each of the determinations reported in the table was completed in less 
than ten minutes by the chlorate method, while the Kjeldahl method required 
6 to 8 hours. Several Erlenmeyers, a reflux condenser, a pipette, test tubes, 
and a colorimeter are all the apparatus needed for the chlorate method; 
whereas the usual digestion shelves, distillation equipment, and burettes are 
needed for the Kjeldahl method. The reagents and standards needed for 
the chlorate method also are simpler to prepare. 

If samples of plant extracts larger than 0.5 cc. are run for soluble nitro- 
gen as previously described the precaution of cooling the solution before 
adding phenoldisulphonic acid must be. exercised. On samples of 0.5 cc. 
or less, the shaking and blowing out of the chlorine usually cools the solu- 
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tion suflSieiently ; but it is best to allow the solution to cool even in smaller 
samples* — E. M. Bkmert, Kentucky Agricultural Experiment Station, Lex^ 
ington, Kentucky, 

CHLOROPHYLL IN SULTANINA GRAPES AND RAISINS 

During ripening, the Sultanina or Thompson seedless grape changes from 
a green to an amber color. After treatment with sulphur dioxide and dry- 
ing, the resulting raisin varies in color from amber with a greenish tint, to 
amber, and dark brown. In this paper is presented evidence identifying 
the green coloring matter with chlorophyll. The concentration of chlorophyll 
is so low, (see table I) that the figures given, particularly for the raisins, 
cannot represent much greater accuracy than that of the correct order of 
magnitude. The extracts of the sulphured raisins, furthermore, were 
markedly less stable than those of the fresh grape, and were decolorized in 
the course of a few hours of exposure to light. 

The persistence of unaltered chlorophyll in the raisin may be explained 
on the assumption that it is inaccessible to the organic acids and to sulphur 
dioxide, which is known to be largely bound in organic complexes, presum- 
ably sulphonic acids. The pigment in situ might therefore be expected to 
survive intact. Extraction, whereby pigment and sulphur dioxide may be 
brought into the same phase, would lead to the ultimate destruction of the 
chlorophyll, particularly when exposed to light. 

In the destruction of chlorophyll by light it is uncertain whether the 
process in its early stages is hydrolytic or oxidative or a combination of both, 
and the absence of well defined colored degradation products in situ (with 
one exception, phaeophytin) has rendered well nigh impossible studies of 
the reactions involved. Nor can much be said as to the effect of sulphur 
dioxide on chlorophyll. It is known that the primary effect of weak acids, 
including sulphur dioxide, is the loss of magnesium, with the formation of 
phaeophytin (1, 3). Subsequent loss of pigment may involve reactions 
having nothing to do with the sulphur dioxide. 

In the grape and raisin extracts examined, no absorption band with a 
maximum at 5350 A was observed, indicating the absence of phaeophytin. 
Experiments to be reported later indicate a definite reaction rate for the 
conversion of chlorophyll to phaeophytin, which the writer is measuring, in 
collaboration with M. A. Joslyn. 

The transmissions of the various chlorophyll solutions from grapes and 
raisins were measured spectrophotometrically at the position of maximum 
absorption for the characteristic red band. When compared with standard 
chlorophyll solutions, and with leaf extracts, it was found that the maximum 
was apparently shifted 60 A toward the red. The solutions were then com- 
pared with a chlorophyll solution of such dilution that at their apparent 
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maxima, 60 A apart, they had identical transmission values. When these 
solutions were inserted into the two light paths of the spectrophotometer, 
the displacement of the whole hand was plainly visible, for both grape and 
raisin extracts, with respect to that of the standard. Less subjective meth- 
ods indicate the shift of band is real, that of the maximum illusory, owing 
to material change in the skewness of absorption. 

The most obvious explanation is that the ratio of the components, chloro- 
phyll a to chlorophyll b, is markedly greater in these extracts than that 
found by Willstattee and Stoll ( 4 ) for normal green leaves, where the 
ratio is somewhat less than 3:1. An examination of the individual absorp- 
tion curves for the two components as given by Wintbbstein and Stein, (5) 
and by Zscheile, (6) shows clearly that the effect of increasing the ratio 
must be to translate the band further toward the red for a given photometer 
setting, and to increase the skewness. Additional references on the values 
of this ratio will be found in the work of Willstattee and Stoll {loc. cit.), 
and of Inman, (2). 


Experimentation 

Observations were made on two lots of grapes, those with a definitely 
greenish tint and those amber in color. The grapes, in lots of 1.2 kg., each 
were crushed, dehydrated with acetone, and extracted with the same solvent 
by steeping overnight. The acetone extracts were filtered on a Buchner 
funnel, the pulp being leached with fresh solvent. The acetone extracts 
(2 liters) were transferred by successive additions to a smaller quantity 
(200 ce.) of re-distilled hexane (b. p. 66-68° C.) each addition being fol- 
lowed by removal of the acetone with water. In this way, concentration of 
the solution was effected without recourse to heating. The solutions were 
dried over anhydrous sodium sulphate, decanted, and with rinsings made to 
volume (250 cc.). 

Raisins were sorted into three groups : (a) greenish tint, (b) amber, (c) 
dark brown. The raisins, (0.7 kg.), were passed through a food chopper, 
and thoroughly mixed with acetone, as in the previous case. After extrac- 
tion, steeping with fresh solvent yielded no further coloring matter. The 
acetone extract from the dark brown raisins yielded no pigment, and, there- 
fore, was discarded. .. t 

The hexane solution^ were in all cases yellow to greenish yellow. Ab- 
sorption maxima, determined visually, were apparently at 6710 A, and for 
chlorophyll (6 X, American Chlorophyll Company), and grass extract at 
6650 A rfc 15 A. 

It wai? assumed that the absorption coefficients for the two would be 
equal at their apparent visually determined maxima. . This introduces an 
error since the coefficient for pure a is greater than that for an approxi- 
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mately 3:1 mixture of aih. In view of the low concentrations present, 
more precise measurements were not justified* Spectrophotometric com- 
parisons were then made, with all instrumental factors kept constant. The 
chlorophyll concentrations were thus calculated, in mg./kg. actual and dry 
weight, assuming average values of 75 per cent, moisture for the grapes, 15 
per cent, for the raisins. The results are given in table I. 


TABLE I 

Chloeopuyll in Sultanina grapes and raisins in mg./kg. 


Materul 

Actual weight 

Bey weight 

Orapes 



Greenish 

1.2 

5.0 

Amber 

0.5 

2.0 

Eamns 



Greenish 

0.5 

0.6 

Amber 

0.35 

0.4 


If we take as an average, for green leaves, a chlorophyll content of 8 gm. 
per kg. of dried leaves, it is seen that chlorophyll in mature grapes is less 
than times that occurring in leaves. 

Small quantities of other acetone extracts were transferred to ether and 
the following tests were made. The Molisch phase test was unsatisfactory 
for raisin extracts, presumably owing to the presence of sulphites, though 
a brownish phase appeared. The yellowish green color of the original 
solution made this of doubtful value in all cases. 

No coloring matter was extracted from ethereal solutions of any of the 
samples with 22 per cent hydrochloric acid. 

N/lOO alkali extracted the pigment from ether only in the case of sul- 
phured extracts not freshly prepared, indicating the formation of free 
carboxyl groups. 


Summary 

Extremely low concentrations of chlorophyll have been found in Sul- 
tanina grapes and raisins. The evidence indicates that the ratio of the two 
components, a and h, is greater than that of normal green leaves, and that 
the chlorophyll is substantially unaltered in situ, but decompose rather 
rapidly, on extraction, if the original has been treated with sulphur dioxide. 
— G. Mackinney, University of California, 
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THE QUANTITY OF ETHYLENE PRESENT IN APPLES^ 
(with one figure) 

A rapid chemical method for the determination of ethylene in plant 
tissues has been devised. Its main details follow : 250 gm. of tissue are placed 
in a 500-ml. fiask together with 100 ml. of water, A 
refiux condenser, to the upper end of which is attached 
an evacuated gas sampling tube of 330-mL capacity, is 
connected to the flask by means of a ground glass joint. 
Connection is established between the tube and the flask, 
and the water and tissue in the flask are boiled until the 
tissue has broken down, and all the gases present in the 
flask and tissue have been driven into the gas sampling 
tube. The tube is then detached, and the gases contained 
therein are passed over sodamide to remove interfering 
substances such as alcohol, acetaldehyde, and esters, and 
finally through 5 mL of 0.01 N postassium permanganate 
solution in an absorption unit of special design (fig. 1) 
which permits 5 minutes contact with the absorbent when 
the gas is passed through at the rate of 5 cc. per minute, 
filthyleni is estimated by pipetting an aliquot of the ab- 
sorbent into excess ferrous sulphate, and titrating the un- 
oxidized, ferrous ion with 0.002 N permanganate. Under 
the conditions of the procedure, the reduction of perman- 
ganate is 8 per cent, over the value calculated for the 
oxidation of ethylene to ethylene glycol. 

t Published with the penaiBsion of the Director of the Minnesota Agricultural Experi- 
ment Station as Scientific Journal Seriee Paper no. 1436. 
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Using this procedure, determinations of the ethylene content of Mac- 
intosh apples after nine months of storage have been made. These showed 
an ethylene content of the order of 0.12 mg. per kilogram of fresh tissue. 

Calculations from the data of Denny and Miller® show that they esti- 
mated, by the study of epinastic responses induced by apple tissue, an ethyl- 
ene content of about 0.2 mg. per kilogram of apple tissue, which is in fair 
agreement with the present results. 

It is interesting to note that, expressed on a volume basis, this figure repre- 
sents an ethylene content of about 1 : 10,000 in the tissue, which is equal to 
the concentration calculated to be present in fruits ripened artificially in a 
chamber in which the ethylene in air concentration has been adjusted to 
1 : 1000, the concentration commonly used in this practice. 

Further research on the relation between ethylene content and keeping 
quality of apples is being conducted at this laboratory. — R. C. Nelson, 
Minnesota Agricultural Experiment Station, 

A TEACHERS^ FORUM 

At the Kingston meeting of the New England section, the closing session 
was devoted to a seminar on the teaching of plant physiology. About 40 
teachers followed closely a lively discussion of the subject; “What are the 
logical objectives and methods of approach in teaching plant physiology? 
The group found the teachers’ problems so important and complex as to 
warrant further consideration of them at future meetings of the section. 

This seminar on teaching methods was an innovation, designed to balance 
the program of an annual meeting with the interests of the society member- 
ship. At the request of the local committee for the Rhode Island meeting, 
it was organized and conducted by a committee of teachers with Dr. C. J. 
Lyon of Dartmouth as chairman. The basic thought was to make the instruc- 
tion in elementary physiology more effective and of more real value to 
college students. 

The forum was opened with statements of views prepared by teachers 
in the two types of institutions, liberal arts colleges, and state universities. 
Dr. George P. Steinbauer of Maine showed how students in his courses 
came prepared in botany and chemistry and in search of detailed information 
bearing on their future work in such fields as forestry and horticulture. The 
written statement of Dr. H. E. Pulling of Wellesley, read by Dr. W. Rei 
Robbins of New Jersey, emphasized the necessity in liberal arts colleges of 
teaching plant physiology as a necessary, important part of biology, and as a 
basis for understanding all life in relation to its environment. 

2 Denny, F. E., and Millee, Lawrence P. Production of ethylene by plant tissue 
as indicated by the epinastic response of leaves. Contrib. Boyce Thompson Inst. 7 ; 97- 
102. 1935. 
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The program continued with a demonstration of teaching a topic, by two 
different methods — the plain lecture full of textbook facts, versus demonstra- 
tion interspersed with questions and references to the personal experiences 
of the class members. Dr. Linus H. Jones of Massachusetts State College 
and Dr. Dorothy Day of Smith cooperated in this difficult assignment and 
with great success. 

The open discussion which followed centered on these contrasting class- 
room methods and their relation to laboratory instruction, prerequisites to 
physiology courses, teacher personality, and the general objectives of courses. 
There was a general agreement on the principle of using the lecture-demon- 
stration method for qualitative work, combined, if possible, with quantitative 
studies in the laboratory. The relative unimportance of specific method, in 
contrast with the ability and personal qualities of the teacher, w^s left as 
an unchallenged observation. The question of requiring training in organic 
or physical chemistry previous to the course in plant physiology brought out 
the great differences in the status of physiology courses in universities and 
liberal arts colleges. Though admittedly desirable for teaching the basic 
facts of the science, a chemistry requirement is probably impossible in insti- 
tutions which train primarily for society, or for non-scientific professions. 
The other questions and answers emphasized the need for each teacher to 
work out the method and procedure best suited to the individual school 
and instructor. 

Within the time available for a single session, the group could not con- 
sider the details of teaching even a single phase of physiology along with 
the general features. In the words of one teacher present : “It was generally 
believed that this type of discussion should pave the way for consideration 
of specific material in the general course in plant physiology. 

The exact subject to be taken up next year will be determined by the 
needs of the members but it is probable that instruction in such new or diffi- 
cult topics as auxins, translocation, or osmotic relations will be chosen. The 
undersigned has been requested to organize the teachers’ interests within the 
New England area and will welcome suggestion and other aid in carrying 
out the assignment. — Charles J. Lyon, Dartmouth College, Hanover, N. H, 
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Indianapolis Meeting. — The fourteenth annual meeting of the Ameri- 
can Society of Plant Physiologists will be held at Indianapolis on December 
28-30, 1937. The Hotel Claypool has been designated as headquarters of 
the society, as well as its meeting place, a most convenient arrangement. 

As usual, the annual dinner will be held on the evening of the first day 
of the meeting, December 28. For many years the annual dinner has served 
as the time and place of announcements of awards of honors, election of cor- 
responding members, the Hales addresses, memorials, etc. It has become 
the most important and interesting phase of our social contacts. Members 
and friends are reminded to obtain tickets promptly on arrival, at the time 
of registration with A.A.A.S. The dinner has always been open to all who 
cared to attend and enjoy the festivities. 

Symposia and joint meetings have been arranged, and there will be the 
customary sessions for reading brief papers. On Thursday evening, there 
may be a session devoted to the problems of successful teaching of plant phys- 
iology. The success of the New England Section with such a meeting en- 
courages the hope that there may be equal interest in a discussion of methods 
of presenting our material to students, and that a round-table conference 
following the discussion of the problems may aid in the improvement of our 
methods. This session for teaching problems will close the fourteenth annual 
meeting. 

Every member in the middle west will be expected at the meetings, and 
as many as can come from more distant points. Especially it is hoped that 
all members of the executive committee may be present to consider important 
items of business and policy. 

Early Pa 3 niient of Dues. — The importance of paying dues early may not 
be apparent to all of our members. It has been customary to discontinue all 
memberships at the close of the calendar year, until they are renewed by pay- 
ment of dues, to reduce losses from sending out copies of Plant Physiologt 
to those who do not intend to renew their memberships. The loss of copies 
of even one number of the official journal breaks volumes that are held in 
reserve for future members and subscribers. They are equivalent to cash 
assets. Moreover, when dues are paid between October 1 and December 31, 
the secretary-treasurer can retain the addressograph labels without danger 
of errors, and he can avoid the costs of replacement of labels which follow 
the discarding of them owing to late payments. Early payment also helps 
the editors to gauge their use of manuscripts, for they can then know early 
about what the probable income of the society will be for the ensuing journal 
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year. Cooperation of members and subscribers in this effort to avoid losses, 
errors, and additional costs will be greatly appreciated. 

Charles Reid Barnes Life Membership Committee. — The committee 
appointed by the president of the society to select the recipient of the thir- 
teenth award of the Charles Reid Barnes life membership, in the American 
Society of Plant Physiologists is as follows: Dr. H. R. Kraybill, Purdue 
University, chairman; Dr. Elbert T. Bartholomew, University of Cali- 
fornia; Dr. Bernard S. Meyer, Ohio State University; Dr. Frank B. Wann, 
Utah Agricultural Experiment Station ; and Dr. Felix G. Gustafson, Uni- 
versity of Michigan. 

Program Committee. — The program committee always bears ^a heavy 
responsibility in connection with the meetings of the society. For the In- 
dianapolis meeting, the committee is composed of the following members: 
Prof. R. B. Withrow, chairman. Dr. J. D. Sayre, and Dr. W. Rei Robbins. 
Everything that can be done for the comfort, convenience, and entertain- 
ment of those who attend the annual meeting is being done with efficiency 
and dispatch. This loyal and faithful service is greatly appreciated by all 
concerned. 

Executive Committee. — The membership of the society is entitled to 
know who constitute the personnel of the executive committee. There are 
twelve members, five ex officio, three elected, and four representatives of the 
organized sections. The full membership is as follows ; Dr. Otis F. Citrtis, 
chairman ; Dr. R. B. Harvey, Dr. Walter F. Loehwing, Dr. F. P. Culltnan, 
Dr. C. A. Shull, Dr. D. R. Hoagland, Dr. H. R. Kraybill, Dr. B. E. Liv- 
ingston, Dr. B. E. Gilbert, Dr. D. M. Doty, Dr. H. F. Clements, and Dr. 
R. W. Lorenz. 

Chemical Methods. — ^A number of workers have found the first supple- 
mentary report of the Chemical Methods committee a satisfactory substitute 
for the original recommendations. As the original report is no longer avail- 
able, the supplementary report is the only one that can be supplied. Many 
of our members have come into the society since these reports were published. 
The first supplementary report, with cover, costs only 15 cents, postpaid, or 
may be purchased in lots of eight for $1.00, if as many as that can be used. 
Those who may care to purchase a copy of the recommendations are advised 
to write to Dr. W. E. TottINgHam, chairman of the committee, Agricultural 
Chemistry Building, University of Wisconsin, Madison. 

Errata. — The customary list of errata found in the first three issues of 
volume 12 of Plant Physiology is presented at the close of the table of con- 
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tents. If these errors are recorded in your copies of the journal you will be 
protected against the use of erroneous information at some future time. 
Assistance of all authors is requested to make these lists as complete as 
possible. 


Vladimir Nikolaevitch Lubimenko. — The joy anticipated in presenting 
the portrait of the great Eussian plant physiologist, Lubimenko^ as a me- 
mento at or near his sixty-fifth birthday has been turned to sorrow by his 
death from a heart attack on September 14, 1937. He had proof-read and 
returned the short paper which opens this number of Plant Physiology, but 
could not live to see it in published form. Dr. Lubimenko was a correspond- 
ing member of the American Society of Plant Physiologists, having been 
honored by election at the Pittsburgh meeting in 1934. 

A few of the significant facts concerning his life and activities are pre- 
sented here. Born on January 18, 1873, in the government of Voronej, on 
the frontier of Great Russia and the Ukraine, he grew up and was given his 
first education among his home surroundings. Formal education began as 
a teen-age boy at the School of Agriculture at Kharkov, which he attended 
from 1886 to 1892. At the age of 21 he entered the High School of Forestry 
at St. Petersburg, where he received a gold medal for his first work on plant 
anatomy. The interest aroused in these early years led him to specialize in 
botany, and he was assistant to the professor of botany. Dr. 1. Borodin, while 
yet a student in the High School of Forestry. He took up additional work at 
the University of St. Petersburg, where he obtained his diploma in 1902. 

Follov ing this work he enjoyed work in foreign lands. In 1903 his insti- 
tution (High School of Forestry) sent him to Bonn, where he worked on 
cytology under Strasburgeb, and early the following year he went to the 
Sorbonne at Paris, for some work with Bonnier. In 1 905 he obtained a com- 
mission from the Department of Forestry to study the influence of light on 
trees ; he continued on at Paris, engaged in this work for three years. 

Returning to Russia in 1908, he entered the service of the Botanical Gar- 
dens of Nikita in the Crimea, where he held the position of botanist for five 
years. He was awarded a master ^s degree in 1910 for his studies of photo- 
synthesis, and in 1917 his doctor's degree for a major contribution on plastid 
pigments. In 1913 he again left his native land for foreign study and travel. 
He undertook a scientific journey to Australia and the Malay Islands, work- 
ing a part of the time at the Buitenzorg Laboratory in Java. After this 
journey he began his long service for the Botanical Gardens at St. Peters- 
burg, where he spent the remainder of his life. Invited there as botanist of 
the Museum, he was soon named director of the laboratory of plant physiol- 
ogy, which was created by him. When, after the revolution, a department 
of experimental botany was founded, Lubimenko became its director. 
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He served as special lecturer in various institutions, in St. Petersburg at 
the High School of Lesheft, 1916-1928 ; at the High School of Geography, 
later transformed into a Geographical Institute, 1916-1925 ; at the Chemical- 
Pharmaceutical Institute, 1922-1930; and at the Military Academy, 1924- 
1930. 

Many honors came to him in recognition of his distinguished services. 
In 1913 his studies on chlorophyll in collaboration with Montverde were 
recognized by the award of a prize by the Academy of Science, and again in 
1918 the Academy of Science awarded him a prize for his studies on the trans- 
formation of the pigments of plastids in the living tissues of plants. It was 
at this juncture that he was called to the Scientific Institute of Leshaf t where 
he continued his work to the end. In 1922 the Academy of Sciences U.S.S.R 
elected him a corresponding member. He was a delgate of the U.S.a.R at the 
International Congress of Protection of Nature Monuments at Paris in 1923, 
and during the summer of that year gave a series of lectures on plant physiol- 
ogy at the University of Paris. In 1925, having been sent again to Prance, 
he studied the physiology of Mediterranean algae at the Biological Station 
of Banijuls sur Mer. He was a delegate from the Academy of St. Peters- 
burg to the fourth International Botanical Congress at Ithaca in 1926, and 
took an active part in the work of the Congress at the request of the Com- 
mittee of Organization. He contributed a valuable paper on chlorophyll 
and the genesis of the photosynthetic apparatus of plants. In 1927 he be- 
came a member of the American Society of Plant Physiologists, in 1928 a 
member of the American Genetic Society, in 1935 a member of the oldest 
botanical society in France, La Societe Linneenne de Lyon. The Academy 
of Science of Ukraine elected him as a member in 1929, and since that time 
he had served as director of its Department of Chemical Plant Physiology. 
In Russia he had been for many years a member of the Society of Naturalists 
and the Botanical Society. 

His career as a scientific contributor began in 1900, and he was the author, 
either alone or jointly, of scores of papers which have enriched our knowledge 
of the physiology of plants. The end of his rich and fruitful life came 
swiftly, and apparently without warning, on September 14; for up to an 
hour before his death, he was writing at his writing-table. 

In her bereavement we esrtend to'his widow, Inna, our deepest sympathy. 
The high regard and esteem which her husband had attained personally and 
professionally in all lands, will be a precious memory to her. 

George Perkins Clinton.- 7 -In the death of Dr. George Perkins Clin- 
rroN, botanist of the Connecticut Agricultural Experiment Station, on August 
13, 1937, the American Society of Plant Physiologists has lost one of its dis- 
tinguished members. Although primarily a mycologist and pathologist. Dr. 
Clinton v^as keenly interested in related botanical fields, and in botany as 
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a whole. He was born at Polo, Illinois, May 7, 1867, and had recently cele- 
brated his seventieth birthday anniversary. His interest in agricultural 
pursuits and the pleasures of botanical collecting may have been stimulated 
by his early environment. His father was a rural journalist who had won 
honors from the College of Agriculture at the University of Illinois for his 
service to rural interests. As a boy George grew up in the atmosphere of a 
rural newspaper plant, and in a home where love of rural life was predomi- 
nant. It was during this period that he began collecting herbarium speci- 
mens, a hobby that continued as a serious but most pleasant part of his 
vocation, throughout life. 

His early collegiate training was received at the University of Illinois, 
at which institution he was awarded his B.S. degree in 1890, and M.S. degree 
in 1894. Later he entered Harvard, from which he received the M.S. degree 
in 1901, and Sc.D. in 1902. During this twelve-year period of training, he 
was assistant botanist at Illinois, and in the Illinois Agricultural Experiment 
Station. In 1902 he was called as botanist to the Connecticut Agricultural 
Experiment Station. Here he spent 35 years in mycological and pathologi- 
cal research, with considerable attention to the Ustilagineae, and accom- 
plished much in the warfare against harmful fungal parasites of crop plants 
and forest trees. He also served as lecturer in forest pathology at Yale 
University from 1915 to 1926, and as research associate in botany at Yale 
from 1926 to 1929. 

Among his important services may be mentioned his work in Porto Rico, 
where he was sent in 1904 to study coffee rust ; his work at Harvard in 1908 
on brown tail moth control; his expedition to Japan in 1909 to obtain para- 
sites for control of the gypsy moth ; his work on tobacco wild fire ; and his 
travels for collection of fungi in Canada, Europe, Hawaii, Japan, Porto Rico, 
and Panama. His valuable collections of specimens, and his library of re- 
prints were presented to the Experiment Station. The departmental library, 
and these fine collections of cxsiccati constitute a monument to his foresight 
and wisdom in the management of his department. 

He was a member of the New England Botanical Club, the Botanical So- 
ciety of America, and many other scientific organizations. He had been 
honored as vice-president of Section G, A.A.A.S., in 1915; as president of 
the Phytopathological Society in 1912 ; as a fellow of the American Academy 
of Arts and Sciences ; and as a member of the National Academy of Sciences. 

He is survived by his wife, who lives in New Haven. Their only child, 
a son, was killed in Prance. All members of the American Society of Plant 
Physiologists join in extending heartfelt sympathy to Mrs. Clinton in her 
loss. 


Biochemistry of Cellulose, the Polyuronides, Lignin, etc.— A mono- 
graph of much more than usual interest and value is this \^lume by A. G. 
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Nobman^ biochemist at the Eothamsted Experimental Station. The develop- 
ment in recent years of new methods of Studying the fundamental units of 
cellulose and other polysaccharides has brought about a much better under- 
standing of the wall materials of plant cells than was possible even a few 
years ago. 

There are eight sections to the volume, dealing with the following sub- 
jects : cellulose ; polyuronide hemicelluloses ; pentosans, hexosans, and hexo- 
pentosans; pectin; gums, mucilages, and gel-forming substances; lignin; 
metabolism of plant cell-wall constituents; and microbial polysaccharides. 
An appendix is devoted to the discussion of uronic acids and pentoses. 

The value of this work is the insight which it permits regarding the bio- 
chemical processes involved in the formation of these materials during metab- 
olism. In this sense it is a valuable contribution to true biochemistry, and 
not a mere discussion of the properties of biochemically produced plant prod- 
ucts. The book is highly commended to all students of chemical plant 
physiology. Dr. Norman has presented his material with great skill. 

The book contains 232 pages, 12 illustrations, author and subject indexes. 
It is published by the Oxford University Press at $5.00 per copy. Those 
desiring to place orders for it may address the Oxford University Press, 1 14 
Fifth Ave., New York. 

Phytohormones. — ^A new volume in the Experimental Biology Mono- 
graphs series of the Macmillan Co. is an extremely interesting summary of 
the work thus far accomplished in the study of plant hormones. The authors 
are Dr. F. W. Went and Dr. Kenneth V. Thimann. 

The introductory chapter outlines the task of the authors, defines the 
hormone as a substance which, formed in one part of an organism, is trans- 
ported to some other part, where it influences a specific physiological process. 
Earlier reviews are mentioned briefly. 

The succeeding chapters deal with the development of the hormone con- 
cept ; the technique of auxin determinations ; formation and occurrence of 
auxins; the relation between auxin and growth; auxin transport and po- 
larity ; chemistry of the auxins ; mechanism of the action ; growth of roots ; 
tropisms; root formation; bud inhibitions; other activities of auxins; and 
general conclusions. 

The authors have summarized the phenomena of hormone action very 
succinctly, for with a lengthy bibliography, and with subject and author 
indexes, the book runs to only 294 pages. Although it appears only a year 
later than the Boysen-Jensej? translation by Avery and Burkholder, the 
authors feel that this new monograph aims more at an analysis of the prob- 
lems, and the integration of the accumulated material, than has any previous 
summary. It is difScult to do this adequately with so many new contribu- 
tions comihg out each year, and with the controversial points not all settled. 
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The final chapters will be very helpful to students who wish to grasp quickly 
the general implications of the vast plant hormone literature now on record. 

Every student of plant physiology should have a copy of this work, which 
is a timely and valuable digest of this field of research. The book- is quoted 
at $4.00 per copy by the publishers. Orders may be sent to the Macmillan 
Co., 60 Fifth Ave., New York. 

Potash Deficiency Symptoms. — Through the cooperation of the Ger- 
man, French, and American potash industries, a valuable and unique sum- 
mary of potash deficiency symptoms has been prepared by Oscar Eckstein, 
Albert Bruno, and J. W. Turrentine, with collaboration by G. A. Cowm 
and G. N. Hoffer, The book is profusely illustrated, with 41 text figures, 
and 54 beautiful colored plates depicting the deficiency symptoms in natural 
colors. There is also a colored chart showing the amounts of plant foods 
removed from the soil by agricultural and horticultural crop plants. An- 
other feature of the work that will meet universal approval is the fact that 
the information, including the index, is printed in three languages, German, 
French, and English. 

Following the introduction, the first part of the book deals with general 
symptoms of potash deficiency. This includes the effects on the leaf, root 
system, blossom and fruit, changes in external appearance, and modifications 
of the inner structures ; the secondary effects of potash deficiency, especially 
the lowered resistance to diseases, insect pests, and untoward climatic condi- 
tions; the market value of crops in relation to potash deficiency; and the 
pathology of potash deficiency. 

The second part deals with the specific effects on various cultivated crops. 
Hoffer contributes the section on maize and other cereals, and Cowie the 
section on fruit trees. A brief reference to deficiency symptoms of grape 
vines concludes the text. The 54 colored plates illustrate these specific 
responses, and are accompanied by brief descriptions of the symptoms shown 
by each crop plant. The bibliography consists of 209 titles, and there is an 
adequate index. The price is remarkably modest, only $2.25 per copy. It 
should find a welcome place in every plant physiologist's private library. 
Distribution is through B. Westermann and Co., Inc., 24 West 48th St., New 
York. 

Pathology of the Plant Cell. — The second volume of Ernst KOster^s 
Pathologic der Pfianzenzelle has appeared as volume 13 of the Protoplasma 
Monographien, published by Gebriider Borntraeger, W 35 Koester lifer 17, 
Berlin. This work considers particularly the pathology of the plastids. The 
two chapters deal with modifications in form, and modifications in structure, 
of the various plastids of plant cells. Mechanical form modifications, ab- 
normal growth forms, deformities from capillary contraction and expansion, 
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abnormal divisions, and reductions in size by loss of substance are detailed 
in the first chapter. The second chapter takes up important structural 
modifications of the plastids in connection with starch storage and the pres- 
ence of active pyrenoids ; agglutination phenomena ; swelling and vacuoliza- 
tion; lipophanerose (fatty degeneration) ; water loss; and necrotic changes. 
An appendix considers pigment breakdown, and the division of the chloro- 
plasts. More than 200 titles are cited in the bibliography ; and subject and 
author indexes conclude the work. It is a valuable and worthy companion 
to Kuster’s original monograph in the same series published about eight 
years ago. The price of the book bound in red cloth is BM 16. The pub- 
lishers will give prompt attention to orders placed with them. 

Mitogenetic Radiation. — Under the auspices of the Committee on Radi- 
ation of the National Research Council, Alexander Hollaender and Walter 
D. Claus have made an experimental study of the problem of mitogenetic 
radiation. Their report is embodied in Bulletin no. 100 of the National Re- 
search Council. The work was done at the University of Wisconsin under 
the supervision of Dr. B. M. Duggar, which is a sufficient guarantee that the 
work was carefully planned and executed. 

The results are negative. No such radiations have been detected in con- 
nection with the activity of typical biological ‘‘mitogenetic senders.^' The 
work of Gurwitsch and his followers in Europe remains entirely unconfirmed. 
One cannot accept the idea that these typical mitogenetic ray sources, grown 
in Europe, possess the property of radiation, and grown in America lack this 
radiation capacity. It would also be very difficult to understand how so 
many people could be led astray in European laboratories if mitogenetic 
radiations prove to be nothing but a myth. While the authors do not admit 
that their report is necessarily the “swan song'^ of mitogenetic research in 
the United States, it may turn out to be just that. There would seem small 
excuse for additional attempts ter find them unless unequivocal evidence can 
be supplied that the methods here used are at fault, or that the investigators 
have not had the requisite skill to detect the radiations. The reviewer doubts 
that such evidence will be forthcoming. 

This Bulletin no. 100 may be purchased from the National Research 
Council at $1.00 per copy. 
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